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Abstract
Interactions between delocalized excitations, e.g. electronic excitations or high frequency
molecular vibrations, and low frequency lattice modes can result in an intrinsic energy
localization in solids. This nonlinear phenomenon is commonly called self-trapping or
self-localization and has been observed in various materials. Vibrational self-trapping in
α-helices, a structural motif in proteins, is of particular interest, as it has been suggested to
play a role in the energy transport in biomolecules.1 The basic idea is that the vibrational
energy, which is delocalized as a result of dipole-dipole coupling, localizes due to lattice
modes and distorts the helical structure. The helix distortion acts in turn as a potential
well and prevents energy dispersion. Through this nonlinear mechanism the vibrational
energy is stabilized and can propagate along the helix. The aim of this thesis is to
use ultrafast nonlinear spectroscopy to establish the nonlinear spectroscopic signature of
vibrational self-trapping and to examine whether self-trapping really exists in α-helical
polypeptides. To this end, self-trapping is first confirmed in model systems before the
experiments are extended to real α-helical polypeptides.
Acetanilide (CH3-CONH-C6H5, ACN) forms molecular crystal, which consists of chains
of hydrogen bonded peptide groups with structural properties similar to α-helices. As
self-trapping in α-helices should originate from couplings that exists in hydrogen bonded
chains, ACN provides a good model to study self-trapping. It is well established that
the vibrational spectrum of ACN exhibits peculiar band structures in the region of the
amide I (i.e the C=O stretching) and the NH stretching band, which have been previously
attributed to vibrational self-trapping.2,3 However self-trapping was observed through an
indirect effect, namely the temperature dependence of the absorption spectrum. Here, a
much more direct approach, infrared pump-probe spectroscopy, is applied. In a pump-
probe experiment one excites a vibrational mode with a pump pulse, and subsequently
measures the induced changes of absorption with a probe pulse.
In detail, infrared pump-probe experiments on the amide I band of ACN identify two
different types of states through their (an)harmonicities: a delocalized free exciton and
a self-trapped state. This assignment agrees perfectly with earlier, more indirect stud-
ies. Furthermore, the femtosecond pump-probe experiments show how thermal disorder
localizes the free exciton (Anderson localization) while it simultaneously destroys the self-
trapping mechanism. Finally, two-dimensional infrared spectroscopy is used to ultimately
exclude two previous, alternative explanations for the anomalous structure of the amide I
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band, demonstrating explicitly how nonlinear infrared spectroscopy can distinguish dif-
ferent nonlinear phenomena in a way that is not possible by absorption spectroscopy. In
addition, this thesis provides the first extensive study on the NH mode of ACN, reveal-
ing further striking evidence for vibrational self-trapping. Pump-probe experiments on
the NH mode exhibit an ultrafast irreversible energy transfer from a delocalized state to
self-trapped states and moreover identify, for the first time, the two phonon modes, which
mediate self-trapping. Thus the experiments prove unambiguously self-trapping of the
amide I and of the NH mode in ACN.
So far compelling evidence for vibrational self-trapping was only found in ACN. How-
ever the self-trapping mechanism should occur in any crystals with a similar structure.
The present work compares vibrational modes of ACN and NMA (N-methylacetamide,
CH3–CONH–CH3), as well as of their carbon deuterated derivatives. The pump-probe
and absorption spectra of all crystals show striking similarities, indicating that the sub-
structure of the NH band in NMA originates, at least partly, from vibrational self-trapping
and not, as often assumed, solely from a Fermi resonance. Consequently one can specu-
late that vibrational self-trapping is not a unique property of ACN, but a more general
phenomena in hydrogen bonded crystals.
After establishing the nonlinear signature of vibrational self-trapping in model systems,
one can approach “real” α-helices. To that end femtosecond pump-probe experiments are
performed on the NH mode of a stable α-helix in solution. The corresponding spectra
reveal two positive signals, which disappear upon unfolding the helix. Most conventional
explanations, such as CH stretching vibrations or multiphoton excitations, are ruled out
based on various absorption and pump-probe measurements. However, Fermi resonances
could in principle result in two positive peaks in the pump-probe spectra. Nevertheless,
the most obvious Fermi resonance, the one with the amide II overtone, can not explain the
data. On the other hand, a quantitative comparison with self-trapping theory shows that
the two positive signals can reflect two types of self-trapped states, that are connected to
the trapping of two vibrational excitations at the same peptide site in the helix or, respec-
tively, at nearest neighbor sites. Thus this thesis presents the first striking experimental
evidence of vibrational self-trapping in α-helices.
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Zusammenfassung
Wechselwirkungen zwischen delokalisierten Anregungen, wie z. B. elektronisch angeregten
Zusta¨nden oder hochfrequenten Moleku¨lschwingungen, und niederfrequenten Gitterschwing-
ungen ko¨nnen in Festko¨rpern zu einer intrinsischen Energielokalisierung fu¨hren. Dieses
nichtlineare Pha¨nomen, welches oft mit “self-trapping” oder Selbstlokalisierung bezeichnet
wird, wurde in verschiedenen Materialien beobachtet. Die Selbstlokalisierung von Schwing-
ungszusta¨nden in α-Helices, einer Tertia¨rstruktur von Proteinen, ist dabei von beson-
derem Interessen, da man vermutet, dass solche Zusta¨nde eine wichtige Rolle beim En-
ergietransport in Biomoleku¨len spielen.1 Die grundlegende Idee besteht darin, dass die
Schwingungsenergie, die auf Grund der Dipol-Dipol Wechselwirkung delokalisiert ist,
durch die Kopplung an Gittermoden lokalisiert wird und dadurch die helikale Struktur
derformiert. Diese Deformation wirkt gleichzeitig wie ein Potentialtopf, der die Energie-
dispersion verhindert. Durch diesen nichtlinearen Mechanismus wird die Schwingungs-
energie stabilisiert und kann sich entlang der Helix ausbreiten. In der vorliegenden Ar-
beit werden Methoden der nichtlinearen Ultrakurzzeitspektroskopie eingesetzt um nicht-
lineare spektroskopische Signaturen dieser Schwingungsselbstlokalisierung zu ermitteln
und zu untersuchen ob Selbstlokalisierung in α-helikalen Polypetiden tatsa¨chlich auftritt.
Zuerst wird die Existenz von Selbstlokalisierung in Modellsystemen nachgewiesen und
anschließend werden echten α-Helices untersucht.
Acetanilid (CH3-CONH-C6H5, ACN) bildet Moleku¨lkristalle, die aus Ketten wasser-
stoffverbru¨ckter Peptidgruppen bestehen und eine a¨hnliche Struktur wie α-Helices be-
sitzen. Da die Selbstlokalisierung in α-Helices durch Kopplungen in solchen wasserstoff-
verbru¨ckten Ketten hervorgehen soll, ist ACN ein gutes Modellsystem zur Untersuchung
von Selbstlokalisierung. Das Schwingungsspektrum von ACN weist im Bereich der Amid I
(die C=O Streckschwingung) und der NH Streckschwingung eigenartige Bandstrukturen
auf, welche anhand von Schwingungsselbstlokalisierung erkla¨rt worden sind.2,3 Allerdings
beruhen die bisherigen Studien auf der Temperaturabha¨ngigkeit des Absorptionsspek-
trums und damit auf einem indirekten Effekt. In der vorliegenden Arbeit wird ein sehr
viel direkterer Ansatz, nichtlineare Pump-Probe Infrarotspektroskopie, gewa¨hlt um die
Banden zu untersuchen. Hierbei regt man eine Schwingungsmode mit einem intensiven
Pumppuls an und misst anschließend mit einem Probpuls die hervorgerufenen A¨nderungen
im Absorptionsspektrum.
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Zusammenfassung
Mithilfe eines Pump-Probe Experimentes an der Amid I Bande von ACN werden zwei
unterschiedliche Zusta¨nde durch ihre (An-)Harmonizita¨ten identifiziert: ein delokalisiertes
freies Exziton und ein selbstlokalisierter Zustand. Diese Zuordnung stimmt perfekt mit
den a¨lteren indirekteren Studien u¨berein. Zudem zeigen die Femtosekunden Pump-Probe
Experimente wie thermische Unordnung das freie Exziton lokalisiert (Anderson Lokal-
isierung), und gleichzeitig den Selbstlokalisierungsmechanismus zersto¨rt. Daru¨ber hin-
aus wird zweidimensionale Infrarotspektroskopie eingesetzt um endgu¨ltig zwei alterna-
tive Erkla¨rungsmo¨glichkeiten fu¨r die anomale Struktur der Amid I Bande auszuschließen.
Dabei wird explizit gezeigt wie nichtlineare Infrarotspektroskopie verschiedene nicht-
lineare Pha¨nomene auf eine Art und Weise unterscheiden kann, die mit herko¨mmlicher
Absorptionsspektroskopie nicht mo¨glich ist. In dieser Arbeit wird ferner zum ersten
Mal die NH-Mode von ACN ausfu¨hrlich untersucht, wobei weitere eindeutige Beweise
fu¨r Selbstlokalisierung gefunden werden. Die Pump-Probe Experimente an der NH-
Mode zeigen einen ultraschnellen irreversiblen Energietransfer von einem delokalisierten
zu einem lokalisierten Zustand. Außerdem werden, erstmals, zwei Phononmoden identi-
fiziert, welche Selbstlokalisierung verursachen. So weisen die Experimente eindeutig die
Existenz von Selbstlokalisierung in der NH und der Amid I Mode in ACN nach.
U¨berzeugende Beweise fu¨r Schwingungsselbstlokalisierung wurden bisher nur in ACN
gefunden. Selbstlokalisierung sollte jedoch in jedem Kristall, der eine a¨hnliche Struktur
besitzt, auftreten. In der vorliegenden Arbeit werden die Schwingungsmoden von ACN
und NMA (CH3–CONH–CH3), sowie deren C-deuterierten Isotope verglichen. Das Pump-
Probe und das Absorptionsspektrum aller vier Kristalle zeigt auffa¨llige U¨bereinstimm-
ungen, aus denen man schließen kann, dass die Substruktur der NH Bande in NMA, zu-
mindest teilweise, auf Selbstlokalisierung und nicht, wie oft angenommen, ausschließlich
auf einer Fermi Resonanz beruht. Schwingungsselbstlokalisierung scheint also keine einzi-
gartige Eigenschaft in ACN zu sein, sondern ein universelleres Pha¨nomen in wasserstof-
fverbru¨ckten Kristallen.
Nachdem die nichtlineare Signatur von Schwingungsselbstlokalisierung in Modellsyste-
men ermittelt wurde, kann man “echte” α-Helices untersuchen. Dazu wurde die NH Mode
einer stabilen α-Helix in Lo¨sung mit Femtosekunden Pump-Probe Experimenten unter-
sucht. Die entsprechenden Spektren zeigen zwei positive Signale, welche beim Entfalten
der Helix verschwinden. Die meisten konventionellen Erkla¨rungen, wie CH Streckschwing-
ungen oder Multiphotonanregungen, ko¨nnen aufgrund verschiedener Pump-Probe und
Absorptions Messungen ausgeschlossen werden. Allerdings ko¨nnte eine Fermi Resonanz
die beiden positiven Signale erkla¨ren. Jedoch kann die wahrscheinlichste Fermi Reso-
nanz, die zwischen dem Amid II Oberton und der NH Mode, die Daten nicht erkla¨ren.
Andererseits zeigt ein quantitativer Vergleich mit der Selbstlokalisierungstheorie, dass
die beiden positiven Signale zwei Arten von selbstlokalisierten Zusta¨nden widerspiegeln
ko¨nnen. Diese beiden Zusta¨nde entsprechen der Lokalisierung von zwei Schwingungsan-
regungen auf der selben Peptideinheit der Helix oder auf benachbarten Peptideinheiten.
Damit wurden im Rahmen dieser Arbeit die ersten deutlichen experimentellen Beweise
fu¨r Schwingungsselbstlokalisierung in α-Helices erbracht.
4
1 Introduction
Proteins are remarkable biomachines, which can efficiently convert chemical energy into
mechanical energy. One of their interesting, yet not well understood, properties is the
capability of storing and transporting small quanta of energy efficiently. In the 1970s
Davydov suggested that self localization plays an important role in this process.1 His
theory was based on the idea that a nonlinear mechanism stabilizes vibrational excitations
and thus prevents energy from dissipation. Such a localization is due to collectively
interacting vibrational modes. In the presented work ultrafast vibrational spectroscopy
is used to examine the spectroscopic fingerprints of such a mechanism and to see whether
vibrational localization can occur in polypeptides.
The proposed nonlinear localization of vibrational energy is similar to the soliton
mechanism, a phenomena which is well established in physics. The very first soliton was
discovered by Russell in 1834 in a water canal in Scotland, when he observed how a
water wave travelled at high velocity along the canal without any change of shape.5 This
observation was quite surprising since water waves are normally known to physicist as an
example of dispersive waves. A single water wave is typically described as a wavepacket,
which is a linear superposition of sinusoidal waves. Each of the waves travels with its own
velocity and hence the wavepacket becomes normally broader while it propagates, that is
it disperses [see Fig. 1.1]. However, for many waves an additional nonlinear effect plays
a role. The nonlinearity causes the higher (more intense) parts of the wave to travel at
Dispersion of wave
Nonlinear breaking of wave
Soliton: a stable wave
Balance 
Figure 1.1: Normally a water wave becomes broader while it propagates, that is it disperses.
However, a nonlinear term can cause the higher parts of the wave to travel at a higher velocity
than the weaker parts, causing eventually a breaking of the wave. Thus dispersion spreads
out the energy of the wave, while the nonlinearity draws it together. In case of a soliton
these two effects compensate each other, resulting in a stable wavepacket. Figure adapted
from Lomdahl.4
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Figure 1.2: A simple model of a nonlinear lattice consists of a chain of atoms that are
connected by slightly nonlinear springs (monoatomic lattice). The arrows illustrate schemat-
ically a simple type of discrete breather in such a chain, in which case two neighbors oscillate
out of phase with a large amplitude.11
a higher velocity than the weaker parts, leading to wave breaking. In case of a soliton,
like the one that Russell observed, the effect of dispersion is balanced by the nonlinearity,
resulting in the emergence of a stable wavepacket, as illustrated in Fig. 1.1. The correct
mathematical description of the solitary wave was found about sixty years after Russell’s
discovery, when Kortweg and de Vries showed that one can describe the solitary wave by
a nonlinear differential equation. This, so-called Kortweg-de Vries equation has besides
the usual periodic solutions also localized solutions, which reflect the solitary wave.6
In 1955 Fermi, Pasta and Ulam (FPU) showed numerically the existence of solitary
waves, when they investigated the flow of energy in solids.7 To describe the dynamics of
crystalline lattice vibrations they used a toy model, which consisted of a chain of equal
masses coupled by slightly nonlinear springs [e.g. Fig. 1.2]. After excitation of a normal
mode of the chain, the energy did not, as expected, spread out through all normal modes
(“thermalization”), but instead returned periodically to the originally excited mode. This
discovery remained largely a mystery, until Zabusky and Kruskal described the system
with the famous Kortweg-de Vries equation and explained the so-called “FPU recurrence”
with pulse-like solitary waves that do not change shape or speed when they collide with
each other.8,9 Due to the particle-like nature they named these waves solitons.10 For a
long time solitary waves were considered an unimportant peculiarity in physics. How-
ever, nowadays the soliton concept is well established and solitons have been observed in
various fields, such as fluid mechanics, mechanically coupled chains of pendula, electric
transmission lines and optics.8,9
A natural question that arises is whether such localized waves can be also observed on
a molecular scale, like in crystalline solids or biological macromolecules. The major pre-
requisites for solitary waves are the existence of a nonlinearity and a coupling mechanism.
Clearly both conditions are present in molecular systems. The nonlinearity is explicitly
exhibited in the models for anharmonic interatomic potentials such as the Morse oscillator
or the potentials of hydrogen bonded modes. Couplings between different molecular oscil-
lators are also well known, including for example normal mode coupling and dipole-dipole
coupling. Hence one should expect to find localized phenomena in molecular systems.
At the microscopic level crystals as well as some structural motifs in biomolecules (α-
helices, β-sheets) are made of discrete atoms or molecules, which typically form periodic
structures. Thus one can reduce the complexity of nonlinear excitations in crystals and
macromolecules to simple lattice models, based on their periodic structure. Such lattice
models have been linked to important problems in physics and can be used to clarify phys-
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ical, chemical or biological properties of molecular chains.12,13 Possibly the most simple
model is the monoatomic chain shown in Fig.1.2. This chain describes a one-dimensional
array of atoms that are coupled by nonlinear springs, representing nearest neighbor inter-
action potentials (e.g. the FPU model). In the language of solid state physics this type
of array is often referred to as an acoustic chain, since it gives rise to the theory of sound
waves in solids. In general the nearest neighbor interaction potential can have the form
of a standard atomic potential, such as the Morse or Lennard-Jones potential.
In the last decade there has been a tremendous increase in theoretical studies of non-
linear lattices,9,8,14–17 which was triggered by the discovery of highly localized nonlinear
oscillations in discrete lattices.18–22 These so-called intrinsic localized modes or discrete
breathers describe an energy localization in real space and oscillate only over a few lat-
tice sites. The two crucial components that make discrete breathers possible are the
discreteness of space and the nonlinearity.16,17 In general discrete breathers are defined
as spatially highly localized, time periodic, and stable excitations in extended, periodic,
discrete nonlinear systems.17 For instance, the most simple breather corresponds to two
neighbors oscillating out of phase in a monoatomic chain, as illustrated in Fig. 1.2.11
Discrete breathers are linked to solitons in the framework of the quasicontinuum approx-
imation and can be regarded as an extension of the soliton concept to nonintegrable
nonlinear lattice models.8,23–25 The existence of discrete breathers is quite universal and
it was shown that breather solutions exist in finite or infinite systems, independent of
the number of degrees of freedom per lattice site, the lattice dimension or other de-
tails of the system.14,16,26 Discrete breathers have been theoretical constructs for more
than a decade, until recent experiments have proven their existence in various materials,
including Josephson junction arrays,27,28 micromechanical systems,29 optical switching
waveguides,30 photonic crystals31 and magnetic solids.32,33
However all of the above mentioned localized phenomena, solitons and discrete brea-
thers, occur in the macroscopic or mesoscopic world, where the laws of classical physics
apply. But, when one considers molecular vibrations one has to consider quantum me-
chanics. Hence the next questions to ask is which type of eigenstates will correspond
to “classical” breathers when the corresponding quantum problem is considered. From
fundamental quantum mechanical considerations one can not expect spatially localized
eigenstates since a translational invariance of the system must be shared by the eigenfunc-
tions of the corresponding quantum system.9 It was suggested that the eigenfunctions of
quantum breathers correspond to Bloch-like superpositions of site functions which have
a higher probability of having several quanta of excitation on the same site than of hav-
ing them on different sites. Thus the particle-like properties of a breather state can be
probed by correlation functions.11,16 However, while numerous papers have been pub-
lished on classical breathers, only a few studies concern the quantum analogy and thus
the current understanding of quantum breathers is rather limited (see Refs. 9,11,16 and 34
for recent reviews). Nevertheless, there have been some interesting experiments, where
evidences of quantum breathers were observed in 4-methyl-pyridine crystals,35,36 in Cu
benzoate37 and in halide bridged transition metal complexes.38,39
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As a matter of fact, the phenomenon of localized molecular oscillations is not unknown
in chemistry. Already in the 1920s physical chemists found evidence that the vibrational
energy of the six CH stretching modes in benzene is, for high excitation numbers, localized
on a single bond rather than being distributed over the entire molecule.40 This findings
were explained by the local mode theory, which is a quantitative quantum mechanical
theory.41,42 In the 1970s the local mode theory was rediscovered and now the localized
modes in benzene are well established in chemistry (see Refs. 9,43 for reviews). In the
language of modern nonlinear science, the local modes in benzene correspond to a discrete
breather.9,26
These observations of localized quantum phenomena let one speculate that other
molecular systems support localized excitations. Especially biological macromolecules,
such as proteins or DNA provide an interesting system for nonlinear excitations, since
they often form quasi crystalline structures with translational symmetry. In fact, local-
ized phenomena in DNA have been discussed in the context of nonlinear science and it was
suggested that conformational transitions and transcription mechanisms can be described
by soliton-like excitations (see Ref. 13 and references therein).
The prime aim of this thesis is focused on experimental evidence of localized nonlinear
excitations in protein model systems. One of the most important structural motifs in pro-
teins are α-helices. An α-helix is essentially a helical chain of amino acids [see Fig.1.3].
Since this structure is translational invariant one can describe it as a one-dimensional
lattice. The helical structure is stabilized by hydrogen bonds, which connect the carbonyl
(C=O) and the NH group of different amino acid. The hydrogen bonds have the impor-
tant property to introduce a nonlinear coupling between the vibrational modes (C=O or
NH stretching) and low frequency lattice modes (phonons). In addition to this coupling
the helical structure allows a strong electrostatic coupling between individual oscillators
of each peptide group, i.e. the C=O and NH stretching modes. Thus all necessary pre-
requisites for soliton-like excitations or for discrete breathers are present in α-helices:
nonlinearity, coupling and discreteness.
These observations motivated Davydov in the 1970s to propose a mechanism for energy
localization in α-helices.1 The main idea was that the localization of the C=O vibrational
energy distorts, via the hydrogen bonds the lattice. This distortion acts in turn as a
potential well onto the vibration, trapping the excitation and preventing its dispersion.3
In this way the vibrational energy is said to become self-trapped on the helix. It is the
balance between lattice distortion and localized vibrational energy that results in the
emergence of the self-trapped state. It turned out that the theory behind this so-called
“Davydov soliton” is essentially that of a polaron. Polarons are quasi-particles introduced
by Landau to describe the motion of an electron through a crystal lattice45 and are well
studied in solid state physics. However, it is important to note that the excitation is
vibrational in case of Davydov’s self-trapping and not electronic as in Landau’s polaron.
Davydov suggested that the vibrational polaron could have a significant relevance for
the energy transport in proteins, which is still an unresolved question in biology. The
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(a) (b)
Figure 1.3: The α-helix is the major structural motif in secondary structures of proteins.
It is formed by a right handed helical chain, with 3.6 amino acids per turn. All sidegroups
are arranged at the outside of the helix. The helical structure is stabilized by hydrogen
bonds (thin lines), which connect the NH group of the nth residue with the CO group of the
(n+ 3)th residue. (b) The hydrogen bonds form three quasi-one-dimensional chains, one of
which is highlighted in black. Figure prepared with MOLMOL.44
sites where energy is produced in proteins, e.g. where adenosine triphosphate (ATP) is
hydrolyzed, and the site where the energy is needed, e.g. to induce a conformational
change, are often separated by several tens of angstro¨ms. The energy which is released
by this reaction is rather small (about 0.5 eV) and thus only twenty times larger than the
average energy of thermal fluctuations.12 Hence biological systems require some means of
energy transport and storage. Davydov suggested that α-helices can act as energy wires
in proteins, through vibrational self-trapping.
Although there have been numerous theoretical studies on vibrational self-trapping
(see Refs. 3 and 46 for reviews), there has been no clear experimental proof whether such
states exist in real α-helices or not. One previous experiment on polyalanine, which was
discussed in the context of self-trapping,47 revealed an anomalous temperature dependence
of the NH spectrum. In addition recent pump-probe experiments on myoglobin, a protein
which consists almost solely of α-helices, revealed an unusual long lifetime of the C=O
9
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mode.48,49 The authors suggest that this long lifetime indicates the existence of self-
trapped states. However, both of these experiments a rather indirect and the conclusions
were quite speculative. In fact the experimental detection of such a vibrational polaron
is difficult. Most α-helices are found in large proteins and the vibrational modes that are
specific for the helical amino acids are covered by modes that belong to other non-helical
parts of the protein. Isolated α-helical polypeptides on the other hand are very flexible
structures and parts of the helix open, resulting in defects, that might destroy the self-
trapping mechanism. Thus when one wants to find experimental evidence for vibrational
self-trapping, one seems to be forced to turn to model systems.
Crystalline acetanilide (ACN) provides such a model, as it consists of hydrogen bonded
peptide units with similar structural properties as α-helices [Fig. 1.4].2 The Italian physi-
cist Careri studied in the 1970s the carbonyl stretching mode of ACN to examine the
vibrational dynamics in polypeptides, when he discovered an anomalous splitting of the
corresponding absorption band in the infrared spectrum.50 After a decade of unsuccessful
attempts to assign the splitting in a conventional manner he turned to Davydov’s self-
trapping theory, which explained perfectly the temperature dependence of the carbonyl
mode.2 This suggestion of self-trapped states in ACN was discussed controversially and a
considerable amount of experiments, most of which supported the polaronic assignment,
were performed to test self-trapping theory.
In this thesis self-trapping is confirmed in peptide model crystals, such as ACN, in a
first step and then it is tested whether such states exist also in real α-helical polypeptides.
To that end ultrafast nonlinear pump-probe spectroscopy is performed on molecular crys-
tals and on α-helical polypeptides. In previous studies self-trapping in ACN was observed
through an indirect effect, namely the temperature dependence of the infrared absorp-
tion spectrum, which is considered to report on underlying nonlinearities. Pump-probe
spectroscopy offers an alternative, more direct approach, since it is exclusively sensitive
Figure 1.4: Three dimensional structure crystalline acetanilide (CH3-CONH-C6H5, ACN).
View down the crystalline a-axis. The NH and C=O groups of individual peptide units are
connected by hydrogen bonded chains, which are comparable to those in α-helices.
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to anharmonic effects and eliminates all harmonic contributions. Anharmonicity at the
same time give rise to nonlinear dynamics. Thus nonlinear (pump-probe) spectroscopy is
ideal for the study of self-trapping phenomena. A further advantage of ultrafast nonlinear
spectroscopy is the high time resolution, which enables one to extract detailed information
about underlying dynamical processes. Thus one can examine the real time dynamics of
energy relaxation and transfer processes of vibrationally excited states. In addition, the
ultrashort pump pulse can impulsively excite, through the laser bandwidth, low frequency
modes of the hydrogen bond. Thereby pump-probe experiments can yield detailed infor-
mation about a coupling between vibrational modes and lattice distortions, which is the
underlying mechanism of self-trapping. Thus ultrafast pump-probe spectroscopy is an
extremely powerful tool to study vibrational self-trapping.
The text is organized as follows. After this introduction the basic theoretical concepts
are presented. Chapter 2 gives a short introduction to the nonlinear response function
which is needed to interpret the results of pump-probe spectroscopy. Chapter 3 is de-
voted to the theory of nonlinear phenomena in molecular systems. Different anharmonic
contributions to the potential energy surface, namely intrinsic anharmonicity, excitonic
coupling, coupling to low frequency modes and Fermi resonances, are discussed with re-
spect to their effect on the nonlinear spectrum. It is shown how the combination of two
coupling mechanisms, that is excitonic coupling and coupling to low frequency modes,
gives rise to vibrational self-trapping. Chapters 4.1 and 4.2 correspond to the materials
and methods section and describe in detail the experimental setup and the sample prepa-
ration. The experiments are presented in Chapters 5 to 7. In a first step vibrational
self-trapping is studied in peptide model crystals, and in a second step a real α-helix
is considered. In Chapters 5 self-trapping of the carbonyl mode in ACN is confirmed by
nonlinear spectroscopy. In addition previous alternative explanations are firmly excluded.
Subsequently self-trapping of the NH mode in ACN is discussed and explicit evidence for
a coupling to low frequency modes is revealed. In chapter 6 the study is extended from
ACN to a different but structurally similar molecular crystal: N-methylacetamide. The
results show that certain nonlinear spectroscopic fingerprints appear in both molecules,
indicating that vibrational self-trapping is not restricted to ACN. Finally in Chapter 7
a real α-helix, in contrast to the previous model crystals, is examined. The experiments
reveal two bound states, which correspond to quantum breathers. In this way Davydov’s
self-rapping mechanism in α-helices is confirmed for first time. At the end, the major
results are summarized in Chapter 8 and the final conclusions are drawn.
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2 Theory of nonlinear optical
xxxspectroscopy
Nonlinear molecular phenomena, such as anharmonic vibrational excitons, vibrational
polarons and Fermi resonances originate from different anharmonic contributions to the
potential energy surface. As nonlinear optical spectroscopy is exclusively sensitive to
anharmonicities, it offers a direct approach to study these different phenomena. In the
present chapter the basic concepts of the theory of nonlinear spectroscopy are introduced,
while the different anharmonic phenomena are discussed in the following Chapter.
The nonlinear response function
In optical measurements nuclear motions and relaxation processes show up only through
their effect on the optical polarization, which is the only material quantity that appears
in the Maxwell equations. Hence a complete knowledge of the polarization is required
for the interpretation of optical spectroscopy.51 In this chapter, which is based to a large
extent on References 51–54, a brief introduction into the theory of nonlinear spectroscopy
is given.
In the dipole approximation the interaction between a molecule and a light field E(t)
is described by the Hamiltonian
Hˆ = Hˆmol + E(t)µˆ (2.1)
where Hˆmol is the Hamiltonian of the molecular system and µˆ the dipole moment operator.
One can treat the dynamics of the system with the Liouville-Von Neumann equation:
d
dt
ρˆ =
−i
~
[
Hˆ, ρˆ
]
(2.2)
Here the state of the system is represented by the density operator ρˆ ,which takes statistical
averaging over an ensemble into account. In general, the interaction with the electric field
E(t)µˆ is much weaker than the internal fields of the molecule and can hence be treated
perturbatively. In the interaction picture the density operator can be expressed by the
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perturbative expansion:51
ρˆ(t) =
∞∑
n=0
ρ(n)
=ρ(o)(−∞) +
∞∑
n=1
(
− i
~
)n t∫
−∞
dτn
τn∫
−∞
dτn−1 . . .
τ2∫
−∞
dτ1E(τn) · E(τn−1) · . . .
· E(τ1) · Uˆmol(t, t0) · [µˆ(τn), [µˆ(τn−1), . . . [µˆ(τ1), ρˆ(−∞)] . . .]] · Uˆ †mol(t, t0) (2.3)
using the time evolution operator Uˆmol(t, t0) of the system Hamiltonian. The optical
polarization P is given by the expectation value of the dipole operator µˆ:
P = Tr (µˆρˆ(t)) = 〈µˆρˆ(t)〉 (2.4)
where 〈. . .〉 denotes the trace. Combining Equ. 2.3 and 2.4 gives the nth order polarization
P (n), which is the observable in a nonlinear experiment:
P (n)(t) =〈µˆρˆ(n)〉
=
∞∫
0
dtn
∞∫
0
dtn−1 . . .
∞∫
0
dt1E(t− tn)E(t− tn − tn−1) · . . .
· E(t− tn − tn−1 − . . .− t1) · S(n)(tn, tn−1, . . . , t1) (2.5)
with the nth order nonlinear response function S(n). The nth order polarization consists
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Figure 2.1: Principle of the experimental setup (top) and double sided Feynman diagrams
(bottom) for (a) absorption spectroscopy and (b) pump-probe spectroscopy. The pump-
probe signal consists of three contributions: stimulated emission, bleach and excited state
absorption.54
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of a convolution of electric fields that interact at different times with the system. The
response function S(n), which represents the molecular properties that we can measure in
nonlinear spectroscopy is given by
S(n)(tn, tn−1, . . . , t1) =
(
− i
~
)n
Θ(tn) ·Θ(tn−1) · . . . ·Θ(t1)·
· 〈µˆ(tn + tn−1 + . . . , t1)[µˆ(tn−1 + . . .+ t1), . . . [µˆ(0), ρˆ(−∞)] . . .]〉 .
(2.6)
Here the time coordinate transformation τ1 = 0, t1 = τ2− τ1, t2 = τ3− τ2, . . . , tn = t− τn
has been applied. Θ(t) is the Heaviside step function. In media with inversion symmetry,
such as isotropic media, the even-order polarization terms vanish and the 3rd order term
is the lowest nonlinear contribution. Evaluation of the commutators in the brackets 〈. . .〉
yields for the 3rd order contribution the following eight terms:
〈µ(t3 + t2 + t1)µ(t2 + t1)µ(t1)µ(0)ρ(−∞)〉
−〈µ(t3 + t2 + t1)µ(t2 + t1)µ(t1)ρ(−∞)µ(0)〉
−〈µ(t3 + t2 + t1)µ(t2 + t1)µ(0)ρ(−∞)µ(t1)〉
+〈µ(t3 + t2 + t1)µ(t2 + t1)ρ(−∞)µ(0)µ(t1)〉
−〈µ(t3 + t2 + t1)µ(t1)µ(0)ρ(−∞)µ(t2 + t1)〉
+〈µ(t3 + t2 + t1)µ(t1)ρ(−∞)µ(0)µ(t2 + t1)〉
+〈µ(t3 + t2 + t1)µ(0)ρ(−∞)µ(t1)µ(t2 + t1)〉
−〈µ(t3 + t2 + t1)ρ(−∞)µ(0)µ(t1)µ(t2 + t1)〉 (2.7)
Each term represents a possible interaction between the light fields and the density matrix
of the molecular system, i.e. the state of the system. Double-sided Feynman diagrams,
(see for example Fig. 2.1) are a useful tool to keep track of the various contributions to
the response function, described by Equ. 2.7, and give a graphical picture of the molecule
field interactions.51 In such diagrams, the vertical lines represent, from bottom to top,
the time evolution of the molecular density matrix. The ket and bra pairs between the
lines indicate which matrix element of the density matrix is occupied. Arrows pointing in-
or outwards represent interactions between the system and the light field, in other words
the acting of the dipole operator onto the density matrix. The last arrow illustrates the
emission of a light field, i.e. the polarization, and points always outwards. In practice
one can use the diagrams to calculate the third order polarization by considering only the
contributions of those diagrams that correspond to the phase matching conditions of the
experiment. The phase matching condition, giving momentum conservation, depends on
the geometry of the experiment. When each light field caries a wave vector ki, the wave
vector k(3) of the 3rd order polarization P (3) is given by
k(3) = ±k1 ± k2 ± k3. (2.8)
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Absorption and pump-probe spectroscopy
Figure 2.1(a) shows the diagram for linear absorption spectroscopy. One starts with
the system in the ground state with a density matrix element ρˆ = |0〉〈0|. In absorp-
tion spectroscopy the light field interacts once with the system and generates a |1〉〈0|
coherence, which then irradiates the first order polarization P (1). In third order non-
linear spectroscopy, such as pump-probe, the system interacts three times with a laser
pulse, generating either a |1〉〈0| or a |2〉〈1| coherence, which irradiates the third order
polarization P (3). In contrast to linear spectroscopy there are many ways in nonlinear
spectroscopy for the light fields to interact with the system, resulting in many contribu-
tions to the 3rd order polarization. The number of terms can be reduced by the rotating
wave approximation, which assumes near resonance conditions and by the semi impulsive
limit, when the light fields are short, time-ordered laser pulses. The envelopes of the light
fields are then approximated by δ-functions and the integrals in Equ. 2.5 disappear. In
this case the nth order polarization P (n) is the same as the nth response function S(n).
If one further assumes purely homogeneously broadened lines, one obtains for the linear
polarization:
P (1)(t) =
−i
~
Eoµ
2
01e
−iω01te−γt (2.9)
where γ is the homogeneous dephasing rate, ω01 is the transition frequency between the
ground state and the first excited state and µ01 the transition dipole matrix element of
the dipole operator µˆ. In pump-probe spectroscopy the first two interactions between the
system and the light field come from the intense pump pulse, which excites the system
from the ground state ν = 0 to the first excited state ν = 1, and the time between these
two interactions is t1 = 0. The subsequent probe pulse measures the resulting change in
absorption, i.e. an absorption spectrum in the excited state. The probe pulse can reach
the first and second excited state and hence a three level system is needed to discuss
the optical response. When one considers the phase matching conditions, that apply for
pump-probe experiments, one obtains a 3rd order polarization, which consists of three
terms [see Fig. 2.1] representing (i) the ν = 1 → 0 stimulated emission (SE), (ii) the
bleach (Bl), reflecting the decrease of the ν = 0 → 1 transition due to the depletion of
the ground state and (iii) the ν = 1→ 2 excited state absorption (ESA):
P (3)(t, tpu,pr) = P
(3)
SE(t, tpu,pr) + P
(3)
Bl (t, tpu,pr) + P
(3)
ESA(t, tpu,pr) (2.10)
with
P
(3)
SE(t, tpu,pr) =
i
~3
|Epu|2Eprµ401e−iω01te−γtetpu,pr/T (2.11)
P
(3)
Bl (t, tpu,pr) =
i
~3
|Epu|2Eprµ401e−iω01te−γtetpu,pr/T (2.12)
P
(3)
ESA(t, tpu,pr) =
−i
~3
|Epu|2Eprµ201µ212e−iω12te−γtetpu,pr/T (2.13)
where tpu,pr is the delay time between pump and probe pulse, T the vibrational relaxation
time, Epu the electric field of the pump pulse, Epr the one of the probe pulse and ω12 is
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the transition frequency between the first and second excited state with transition dipole
moment µ12.
In pump-probe spectroscopy, a square law detector measure the generated nth order
polarization by heterodyning it with the original probe field:
Ipu,pr(t, tpu,pr) ∝ |Epr − iP (3)(t,tpu,pr)|2 =|Epr|2 + 2Im(Epr · P (3)(t, tpu,pr)) + |P (3)(t,tpu,pr)|2
(2.14)
where the third term is generally neglected. For small signals the absorbance change is
given by:
∆Apu,pr(t, tpu,pr) = − log Ipu,pr
Ipr
≈ 2Im(EprP (3)(t, tpu,pr)) (2.15)
If the signal is recorded after transmitting the light through a spectrometer one obtains the
absorbance change as a function of the delay time and the frequencies of the broadband
probe pulse:
∆A(ωpr, tpu,pr) ≈ 2Im
∞∫
0
dtEprP
(3)(t, tpu,pr)e
iωprt (2.16)
The excited state absorption appears in a pump-probe spectrum as a positive signal
(increase in detected light intensity) at probe frequency ωpr = ω12 with intensity IESA
proportional to µ201µ
2
12, whereas bleach and stimulated emission are both negative each
at probe frequency ωpr = ω01 with intensities IBl and ISE both proportional to µ
4
01. For
an harmonic oscillator ω01 = ω12 and 2µ
2
01 = µ
2
12. Hence the three contributions vanish
identically and the nonlinear response is zero. In general one can show that the nonlinear
response of any system of harmonic normal modes always vanishes exactly.51 Therefore
nonlinear spectroscopy is exclusively sensitive to anharmonicities.
Quantum beats
In hydrogen bonded molecules the vibrational states are anharmonically coupled to low
frequency modes, that introduce a substructure for the vibrational states [see Chapter 3.4
for details]. In the most simple case, the substructure consists of a splitting of the first
excited vibrational state and the system can be described by three energy levels |0〉, |1〉
and |1′〉. The two substates |1〉 and |1′〉 are close together and both can be simultaneously
excited by a spectrally broad laser pulse, resulting in a coherent superposition |1〉〈1′| of
the two states.
Using the rotating wave approximation, the semi impulsive limit and the pump-probe
phase matching conditions one obtains the Feynman diagrams shown in figure 2.2. These
diagrams represent the terms for stimulated emission and bleach of each resonance as well
as two additional quantum beat contributions. The corresponding 3rd order polarization
17
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Figure 2.2: To model a quantum beat experiment one has to taken eight Feynman diagrams
into account. The Bleach and Stimulated Emission diagrams correspond to those in Fig. 2.1.
The pump pulse can create a |1′〉〈1| or |1′〉〈1| coherence, that results in additional quantum
beat contributions.
is:
P (3)(t, tpu,pr) =
2i
~3
|Epu|2Eprµ401e−iω01te−γtetpu,pr/T +
2i
~3
|Epu|2Eprµ401′e−iω01′ te−γtetpu,pr/T
+
i
~3
|Epu|2Eprµ201µ201′
(
e−iω11′ tpu,pre−iω10t + e−iω1′1tpu,pre−iω10t
)
e−γtetpu,pr/T
(2.17)
The new quantum beat contributions contain an oscillating term that depends on the
delay time tpu,pr and oscillates with a frequency ω11′ = ω1−ω1′ . When one scans the delay
time tpu,pr one observes in the absorbance change signal ∆Apupr(t, tpu,pr) intensity oscilla-
tions with frequency ω11′ , which correspond to the splitting between the two substates.
Such oscillations are also called quantum beats.
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3 Nonlinear phenomena in
xxxhydrogen bonded systems
In this chapter the capability of nonlinear spectroscopy to study different molecular anhar-
monicities is reviewed. First the harmonic molecular potential energy surface [Section 3.1]
and the intrinsic anharmonicity [Section 3.2] are introduced. In the following sections two
coupling mechanisms, that can exist in hydrogen bonded systems, are discussed, namely
excitonic coupling [Section 3.3] and coupling between high frequency vibrational modes
and hydrogen bond modes [Section 3.4]. The combination of the two coupling mecha-
nisms can give rise to vibrational self-trapping, as shown in Section 3.5. Finally Fermi
resonances are discussed in Section 3.6. The chapter is in part based on References 54–56.
3.1 Molecular potential energy surface
The electronic energy of a molecule as a function of the nuclear coordinates is determined
by the molecular potential energy surface. This potential energy surface can always be
Taylor expanded about the equilibrium configuration along certain nuclear coordinates:
V (x1, x2) = V0 +
∂V
∂x1
x1 +
∂V
∂x2
x2 +
1
2
∂2V
∂x21
x21 +
∂2V
∂x1x2
x1x2 +
1
2
∂2V
∂x22
x22 + . . . (3.1)
For simplicity the expansion is here restricted to two coordinates, x1 and x2. In general
there are of course 3N − 6 coordinates, where N is the number of atoms in the molecule.
Here the Taylor expansion is truncated to second order, which is the harmonic approxima-
tion. Equation 3.1 can be simplified, without loss of generality, by choosing the arbitrary
zero energy point so that V0 = 0 and by choosing a local minimum for the origin of the
coordinate system so that ∂V
∂x1
= 0 and ∂V
∂x2
= 0. Furthermore one can perform a coor-
dinate transformation to get rid of the mixed (bilinear) term ∂
2V
∂x1x2
x1x2. Hence Equ. 3.1
can be expressed in new coordinates q˜1 and q˜2 as
54:
V (q˜1, q˜2) =
1
2
∂2V
∂q˜22
q˜21 +
1
2
∂2V
∂q˜22
q˜22 + . . . (3.2)
As a consequence of the harmonic approximation the so-called normal modes q˜1 and q˜2
decouple completely. In the following dimensionless coordinates
qi =
√
miΩi
~
q˜i pi =
1√
~miΩi
p˜i (3.3)
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are used, where Ωi are the frequencies of the normal modes and mi the reduced masses.
The quantum mechanical Hamiltonian can be written, using the corresponding operators
qˆi and pˆi, as:
Hˆ =
~Ω1
2
(
pˆ21 + qˆ
2
1
)
+
~Ω2
2
(
pˆ22 + qˆ
2
2
)
+ . . . (3.4)
= ~Ω1
(
Bˆ†1Bˆ1 +
1
2
)
+ ~Ω2
(
Bˆ†2Bˆ2 +
1
2
)
+ . . . (3.5)
where Bˆ†n and Bˆn are the creation and annihilation operators of the harmonic oscillators:
Bˆn =
1√
2
(qˆn + ipˆn) Bˆ
†
n =
1√
2
(qˆn − ipˆn) (3.6)
with the commutation relations[
Bˆn, Bˆ
†
m
]
= δnm
[
Bˆn, Bˆm
]
=
[
Bˆ†n, Bˆ
†
m
]
= 0. (3.7)
In the previous Chapter it was shown that the pump-probe signal of a harmonic system
is zero and that nonlinear (e.g. pump-probe) spectroscopy is only sensitive to anharmonic
contributions of the potential energy surface.51 Hence a pump-probe spectrum of a molec-
ular system, whose potential energy surface is determined by Equ. 3.2, is zero. In the
following sections different anharmonic contributions and their effects on the pump-probe
signal are discussed in detail.
3.2 Intrinsic anharmonicity
Typical molecular vibrations are not perfectly harmonic. As a criteria for the accuracy of
the harmonic approximation one can define the parameter54
γ =
ω01 − ω12
ω01
, (3.8)
where ω01 and ω21 are the transition frequencies between ground and first excited state
and between first and second excited state, respectively. A typical value in an isolated
peptide unit is γ = 1% for the amide I mode, i.e. the CO stretching mode, and γ = 4% for
the NH mode. The intrinsic anharmonicity of an oscillator has its origin in terms of order
q3 and q4 or higher in the potential energy expansion (Equ. 3.2) and the Hamiltonian of
an oscillator with intrinsic anharmonicity is
Hˆ =
1
2
~Ω(pˆ2 + qˆ2) +
1
6
∂3V
∂q3
qˆ3 +
1
24
∂4V
∂q4
qˆ4 + . . . (3.9)
= ~Ω
(
Bˆ†Bˆ +
1
2
)
+∆(3)
(
Bˆ + Bˆ†
)3
+∆(4)
(
Bˆ + Bˆ†
)4
+ . . . (3.10)
with the anharmonic parameters ∆(3) and ∆(4):
∆(3) =
1
12
√
2
∂3V
∂q3
∆(4) =
1
96
∂4V
∂q4
(3.11)
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Figure 3.1: Typical pump-probe spectrum of an anharmonic oscillator: (a) the amide I
mode of a poly-γ-benzyl-L-glutamate (PBLG) film and (b) the NH stretching mode of
isolated N-methylacetamide (NMA) in chloroform. Stimulated emission (SE) and bleach
(Bl) appear as a negative signal, whereas the excited state absorption (ESA) appears as
a positive signal. The shift 2∆ between positive and negative contributions reflects the
intrinsic anharmonicity. (c) The corresponding scheme of energy levels in an anharmonic
oscillator. The arrows depict ESA, SE and Bl transitions.
If one restricts Equ. 3.10 to terms that conserve the number of excitations, i.e. terms with
the same number of annihilation and creation operators, and performs a normal mode
transformation, one obtains the Hamiltonian
Hˆ = ~Ω
(
Bˆ†Bˆ +
1
2
)
+∆′Bˆ†Bˆ†BˆBˆ, (3.12)
here ∆′ is the new anharmonicity parameter. This Hamiltonian can be used to describe
the intrinsic anharmonicity of vibrational excitations.54,57 It is important to note that the
intrinsic anharmonicity does not lead to a coupling between two normal modes q1 and q2,
as a system of two anharmonic oscillators is described by
Hˆ = ~Ω1
(
Bˆ1
†
Bˆ1 +
1
2
)
+∆′1Bˆ1
†
Bˆ1
†
Bˆ1Bˆ1 + ~Ω2
(
Bˆ2
†
Bˆ2 +
1
2
)
+∆′2Bˆ2
†
Bˆ2
†
Bˆ2Bˆ2. (3.13)
However bleach, stimulated emission and excited state absorption do no longer cancel
exactly for an anharmonic oscillator, since the transition frequencies ω01 and ω12 are
unequal. Figure 3.1 shows two typical examples for pump-probe spectra of anharmonic
vibrations. Bleach and stimulated emission appear as a negative signal at transition
frequency ω01, whereas the excited state absorption appears as a positive signal at a lower
frequency ω12. The shift between the two peaks corresponds directly to the anharmonicity
parameter ∆′ in Equ. 3.12.
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3.3 Vibrational exciton
3.3.1 Vibrational exciton Hamiltonian
Figure 3.2 shows the molecular structure of an α-helix, one of the most common structural
motifs in proteins. The arrows illustrate the orientation of the dipole moments of the
amide I modes in the individual peptide units. As all dipoles are aligned in a similar
direction, they can couple strongly through dipole-dipole interaction, giving rise to a
delocalized state. Following the terminology used in electronic spectroscopy, the various
amide I modes are said to form a vibrational exciton. In a truly one dimensional chain of
harmonic oscillators such an excitation is described by the Frenkel Hamiltonian58
Hˆ(0) =
∑
n
~Ω
(
Bˆ†nBˆn +
1
2
)
+
∑
n
β
(
Bˆ†nBˆn+1 + BˆnBˆ
†
n+1
)
, (3.14)
where n runs over all sites in the chain, Ω is the vibrational frequency of the amide I
mode and β the excitonic coupling (which decays very quickly with distance, so that we
consider in general only nearest neighbor interaction). Depending on distance and relative
orientation, the coupling β can be of the order of about 10 cm−1 and hence, can lead to
appreciable exciton delocalization. The expression 3.14 is not restricted to an α-helix and
can be applied to other chains of peptide units.57,59
In the context of nonlinear spectroscopy the Hamiltonian 3.14 is often written in the
basis of localized site states for 0, 1 and 2 vibrational quanta:57,60,61
|0〉
|n〉 = Bˆ†n|0〉
|nm〉 = anmBˆ†nBˆ†m|0〉, n ≤ m (3.15)
Here ann = 1/
√
2 for n = m and anm = 1 for n 6= m are the appropriate normalization
factors. In the ground state |0〉 no vibrational quantum is excited. The |n〉 have one
vibrational quanta on the nth site, the |nm〉 have one quanta on each site n and m and
the |nn〉 correspond to two quanta on site n. For example, the Hamiltonian of a system
Figure 3.2: The α-helix is one of the most common structures in proteins. The thin lines
illustrate the hydrogen bonds between the C=O and NH groups. The arrows depict the
transition dipoles of the amide I mode. Figure prepared with MOLMOL.44
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of two coupled oscillators is written in this site basis as
Hˆ(0) =

0
~Ω1 β
β ~Ω2
2~Ω1 0
√
2β
0 2~Ω2
√
2β√
2β
√
2β ~(Ω1 + Ω2)

. (3.16)
Since Equ. 3.14 conserves the number of excitations the 0, 1 and 2 quanta manifolds,
which are separated by lines in the Hamiltonian Equ. 3.16, decouple and the Hamiltonian
is block diagonal.
Since the coupling term in Equ. 3.14 is linear in both coordinates (bilinear) the Hamil-
tonian is actually harmonic and one could, in principle, perform a normal mode trans-
formation and reformulate the problem in a harmonic eigenstate basis. However the
nonlinear response of a harmonic system vanishes completely [see Chapter 2], and there-
fore Equ. 3.14 is not sufficient to describe nonlinear spectroscopy. One can include the
intrinsic anharmonicity by lowering the site energies of only the double-excited states
|nn〉 by a factor ∆ [see Fig. 3.3(a)].60 The resulting perturbed Hamiltonian Hˆ = Hˆ(0) + Vˆ
consists of an harmonic part Hˆ(0) (Frenkel Hamiltonian, Equ. 3.14) and an additional
anharmonicity term Vˆ . The anharmonicity term Vˆ is diagonal in the site basis {|nm〉},
n ≤ m, and its matrix elements are:
Vnm,n′m′ = −∆ · δnmδnn′δmm′ (3.17)
The spectroscopic states observed experimentally are the excitonic states, rather than
the site states, and one has to formulate the problem in the exciton basis set in order to
describe linear and nonlinear spectroscopy. The diagonalization of the harmonic Hamil-
tonian 3.14 is readily accomplished and one obtains the delocalized one-excitonic states
|k〉, that are observed in absorption spectroscopy, as linear combinations of the single site
states |n〉:60
|k〉 =
∑
k
qkn |n〉 (3.18)
with expansion coefficients qkn and eigenenergies k. Throughout this chapter the indices k
and l label excitonic states whereas n andm label site states. In pump-probe spectroscopy
the system interacts with two photons and two-excitonic states {|kl〉}, k ≤ l have to be
considered as well.51 In case of the harmonic Hamiltonian 3.14 the excitonic states are
also harmonic and we know without explicit diagonalization of the Hamiltonian that the
two-excitonic states are product states of the one-excitonic states,60
|kl〉 = akl(|k〉|l〉+ |l〉|k〉), (3.19)
with eigenenergies k + l. The expansion of the two-excitonic states |kl〉 in the site basis
{|nm〉} reads:
|kl〉 =
∑
n≤m
Qkl,nm |nm〉 (3.20)
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with the expansion coefficients:
Qkl,nm =
akl
anm
qknqlm (3.21)
However, one has to use the perturbed Hamiltonian Hˆ that includes the anharmonicity
term Vˆ to describe nonlinear spectroscopy (Equ. 3.17). In the basis of the excitonic states
{|kl〉} the matrix elements of the anharmonicity term Vˆ are obtained through a unitary
transformation:60
Vkl,k′l′ =
∑
nmn′m′
Qkl,nmVnm,n′m′Q
−1
n′m′,k′l′ = −∆
∑
n
Qkl,nnQk′l′,nn (3.22)
Up to this point, the expression is exact. However, since Vˆ is not diagonal in the two-
excitonic basis, the product states {|kl〉} are not the eigenstates of the anharmonic
Hamiltonian Hˆ = Hˆ(0) + Vˆ and anharmonicity mixes into all two-excitonic states [see
Fig. 3.3(a)]. The eigenenergies of Hˆ can be evaluated perturbatively in the small an-
harmonicity limit, where the anharmonic shift ∆kl of the two-excitonic states is small
compared to the level separation in the two-exciton band.62 In this limit, the two-excitonic
states can still be identified as product states of the one-excitonic states, lowered in en-
ergy by the so called diagonal and off-diagonal anharmonicities, which in lowest order of
Vˆ are:55
∆εkl = Vkl,kl = −2∆ · a2kl
∑
n
q2knq
2
ln (3.23)
If the coupling β is weak the one excitonic states are predominately localized on one
individual site:
qnm = δnm + q
′
nm = δnm +
βnm
m − n with |
βnm
m − n | < 1 (3.24)
Then one obtains in first order of Vˆ and lowest order of βnm the diagonal anharmonici-
ties:60,62
∆kk = −∆ (3.25)
and the off-diagonal anharmonicities:
∆kl = −4∆ β
2
kl
(k − l)2 (3.26)
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3.3.2 Nonlinear spectroscopy of vibrational excitons
A recently introduced new type of nonlinear spectroscopy, two-dimensional infrared (2D-IR)
spectroscopy, allows a direct observation of the exciton coupling parameter β.59,60 In
2D-IR spectroscopy individual one-exciton states are excited by a spectrally narrow pump
pulse and subsequently probed by a broadband pulse, which measures the transitions up
to the two-exciton state or down to the ground state. One typically observes excited state
absorption, stimulated emission and bleach [see Chapter 2]. The response is plotted as a
function of the pump and probe frequency. Figure 3.3(b) shows a prototype 2D-IR spec-
trum for a system, which consists of two coupled amide-I oscillators. In order to construct
such a spectrum one first calculates the population probabilities of states |k〉, where k
depends on the pump frequency, and subsequently the up- and downward transitions seen
by the probe-pulse. The transitions are weighted by their transition strength and by the
population probability of the state |k〉 prepared by the pump pulse. Each peak in the 2D
spectrum corresponds to one of the transitions shown in the level scheme in Fig. 3.3(a).
The various signals are generally classified into diagonal and cross peaks, each consisting
|n〉
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|nn〉
|mm〉
|nm〉 |lk〉
|kk〉
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Figure 3.3: (a) System of excitonically coupled vibrational states. The site states |n〉 and
|m〉 couple and form the excitonic states |k〉 and |l〉. In the harmonic limit (∆ = 0), the two
excitonic states are product states of the one-excitonic states (solid lines). Anharmonicity
lowers the site energy of the double-excited states |nn〉 by ∆. Due to the excitonic coupling,
site-anharmonicity mixes into all two-excitonic states, yielding diagonal ∆kk and off diag-
onal ∆kl anharmonicity (dotted lines). The arrows, corresponding to the peaks in the 2D
spectrum, depict all harmonically allowed transitions. (b) A schematic 2D-IR spectrum of
a system consisting of two coupled anharmonic oscillators. The positive peaks correspond
to the grey arrows in (b) while the negative peaks correspond to the black arrows.
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of a negative and a positive band. When pump and probe pulse are resonant one obtains
diagonal peaks, in which case the positive peak represents the excited state absorption and
the negative peak the stimulated emission and bleach. The shift between the positive and
negative peaks corresponds directly to the intrinsic anharmonicity ∆ (Equ. 3.25). Cross
peaks appear in the 2D plot at the intersection, where pump and probe frequencies of the
two coupled modes cross each other. They originate from the off-diagonal anharmonicity
∆kl and are thus a direct indication of the exciton coupling β (Equ. 3.26) between the
two amide-I modes.
3.3.3 Delocalization of vibrational exciton
A commonly used measure for the delocalization of excitonic systems is the participation
ratio Pk:
63–65
Pk =
∑
n
q4kn (3.27)
Interestingly, diagonal anharmonicity
∆εkk = −∆
∑
n
q4kn, (3.28)
which is the quantity we observe when pumping and probing the same transition (Equ. 3.23),
scales like the participation ratio Pk:
63–65
Pk = −∆εkk
∆
=
∑
n
q4kn (3.29)
The participation ratio is Pk = 1 for a perfectly localized state and Pk = 1/N for a per-
fectly delocalized state, where N is the size of the aggregate. Diagonal anharmonicity
therefore is a direct measure of delocalization of vibrational excitons.
Strictly speaking, this conclusion is only correct in the small anharmonicity limit, in
which the anharmonic shift of the two-excitonic states, which is of the order of ∆kl =
∆/N , is smaller than the level separation in the two-excitonic band, which is of the
order of 16|βn,n+1|/N2 (the total width of the two-exciton band is 8|βn,n+1|, assuming
a linear aggregate with only nearest neighbor coupling). Hence, strictly speaking, the
picture of almost-harmonic states breaks down when the aggregates become larger than
N > 16|βn,n+1|/∆. When the level density in the two-excitonic band becomes denser, the
oscillator strength of harmonically allowed transitions,|k〉 → |kn〉 , is distributed among
harmonically forbidden transitions |k〉 → |lm〉 with k 6= l,m. However, direct numerical
diagonalization of the two-exciton Hamiltonian Hˆ = Hˆ(0) + Vˆ shows that this redistribu-
tion of oscillator strength involves only transitions which are very close in resonance and
moreover shows that this redistribution preserves the center of mass of the excited state
absorption band. The picture of almost-harmonic states is still approximately valid when
the bandwidth of the spectroscopic states is much broader than the spectral region which
contributes to that mixing process, that is whenever the anharmonic shift of the excitonic
states is small compared to the level separation in the one-excitonic band, which is of the
order of 4|βn,n+1|/N .
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3.4 Hydrogen bonds and coupling to low frequency
modes
In a hydrogen bond two molecules or two sidegroups of one molecule are connected via
a hydrogen atom. Figure 3.4(a) shows a typical hydrogen bond between the NH and the
C=O group in a polypeptide. In general, the formation of a X−H· · ·Y hydrogen bond
leads to a distortion of the potential energy surface, which determines the nuclei position,
resulting in very anharmonic or even double well potentials and an overall weakening
of the covalent X−H bond. This phenomenon leads to characteristic signatures in the
vibrational spectrum of the X−H stretching mode and has been extensively studied by
vibrational spectroscopy. The most pronounced effect is a strong red shift of the center
frequency, which scales approximately linearly with the hydrogen bond length. The shift
is accompanied by an intensity increase, a line broadening and frequently a peculiar line
shape with a rich substructure.66–70 These effects are explained by an anharmonic cou-
pling between the high frequency stretching motion of the X−H group and low frequency
modes, which modulate the hydrogen bond length X· · ·Y.66,71 A Taylor expansion of the
corresponding potential energy surface yields66,67:
V (Q, q) =
1
2
~ΩQ2 +
1
2
~ωq2 +
χ
2
Q2q + . . . (3.30)
The first two terms represent the harmonic oscillations of the high frequency mode Q with
frequency Ω and of the low frequency mode q with frequency ω, respectively. The third
term introduces the anharmonic coupling χ between the two modes, that leads to the
distinct nonlinear behavior of hydrogen bonded systems. Both the hydrogen bonded NH
and CO mode can be described by Equ. 3.30 and in the following both modes are referred
to as the high frequency mode. Nevertheless it is important to note that the nonlinear
coupling χ of the N−H mode to the low frequency mode is ≈ 5− 10 times larger than
q
E n
e r
g y
Q
q
N      H          O       C
1NHν =
0NHν =
(a) (b)
Figure 3.4: (a) A prototype N-H· · ·O=C hydrogen bond. Q represents the high frequency
oscillator and q the hydrogen bond length. (b) Potential energy surface for the vibrational
energy levels νNH = 0 and νNH = 1. In the excited state the hydrogen bonds are stronger
and one obtains a Franck Condon progression.
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that of the C=O mode. Upon quantization (see Equ. 3.6), Equ. 3.30 translates into:
Hˆ = ~Ω
(
Bˆ†Bˆ +
1
2
)
+ ~ω
(
bˆ†bˆ+
1
2
)
+
χ
2
√
2
Bˆ†Bˆ
(
bˆ† + bˆ
)
+ . . . (3.31)
where Bˆ† and Bˆ are the creation and annihilation operators of the high frequency mode,
while bˆ† and bˆ are those of the low frequency mode. Terms that do not conserve the number
of high frequency excitations (i.e. non resonant terms) have been discarded. Hamiltonian
Equ. 3.31 can be diagonalized analytically.3 However the problem simplifies significantly
when one considers the one order of magnitude difference between the frequencies of the
phonon modes and the high frequency vibrational mode, allowing an adiabatic separation
of time scales.71 In this approximation, the high frequency vibration adopts adiabatically
to the position of the phonon coordinates, in the same way as the electron adopts to the
position of the nucleus in the Born Oppenheimer approximation. When the coordinate q
is fixed one can transform the first three terms in Equ. 3.30 to:
V (Q, q) =
1
2
~ΩeffQ2 +
1
2
~ωq2 (3.32)
with
~Ωeff = ~Ω + χq (3.33)
Equation 3.33 implies that the high frequency Ωeff varies linearly with the hydrogen bond
distance, which is described by the phonon coordinate q. This dependence has been
observed experimentally for various hydrogen bonded crystals,68 allowing one to estimate
the coupling constant χ. Starting from Equ. 3.32 and 3.33 one obtains the potential
energy surface for each excitation level ν of the high frequency mode as a function of
phonon coordinate q:
Eν(q) = ~Ωeff
(
ν +
1
2
)
+
1
2
~ωq2 (3.34)
Figure 3.4(b) illustrates schematically the potential energy surfaces for ν = 0 and ν = 1.
It should be noted that this is the displaced oscillator picture that one knows from elec-
tronic Franck Condon transitions. The nonlinear coupling χ gives rise to a displacement
of the potential energy surface in the excited state. The minimum of that potential en-
ergy surface is shifted towards smaller intermolecular distances, giving rise to a stronger
hydrogen bond in the excited state. Consequently, a “Franck-Condon-like” progression is
obtained for the absorption spectrum, consisting of one vibrational excitation plus several
quanta of phonon excitation.
Recently the nonlinear response of hydrogen bonded vibrations has been studied ex-
tensively.69,70,72,73 Figure 3.5 shows the pump-probe signal of the OD stretching mode
of hydroxy-deuterated 2-(2’-hydroxyphenyl)benzothiazole (HBT-D), a molecule with an
intramolecular OD· · ·N hydrogen bond.70 The striking feature is a pattern of pronounced
oscillations, which is superimposed on the signal. These oscillations have been attributed
to a ground state wave packet motion. After excitation of the OD stretching vibration
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Figure 3.5: pump-probe response of hydroxydeuterated 2-(2’-hydroxyphenyl)benzothiazole
(HBT-D), after impulsive excitation of the OD stretching mode. The inset illustrates the
ring deformation mode in HBT-D (thick line: equilibrium position). Adapted from Madsen
et al.70
by a ultrashort pump pulse (100 fs) the hydrogen bond gets stronger and is contracted.
As a consequence a vibrational wavepacket in a low frequency hydrogen bond mode is
impulsively excited.70 The observation of the beatings is a direct consequence of a dis-
placement of the excited state potential energy surface and thus a consequence of the
nonlinear coupling between the high frequency stretching vibration and a low frequency
hydrogen bond mode (Hamiltonian 3.31). In case of HBT-D the low frequency mode cor-
responds to the ring deformation mode shown in the inset of Fig 3.5). Similar examples
of nuclear coherent motion following hydrogen bond excitation have been found in other
molecules with intramolecular hydrogen bonds.69,72,73
3.5 Vibrational polaron
3.5.1 One-dimensional hydrogen bonded systems
In the previous chapters two coupling mechanisms were introduced: excitonic coupling be-
tween vibrational modes [Chapter 3.3] and nonlinear coupling between vibrational and low
frequency modes [Chapter 3.4]. In the present chapter these two couplings are combined
to describe vibrational excitations in hydrogen bonded molecular crystals and α-helices.
In a hydrogen bonded molecular crystals the individual molecules, e.g. peptides such as
acetanilide (ACN) or N-methylacetamide (NMA), are connected by quasi-one-dimensional
(1D) chains of hydrogen bonds [Fig. 3.6], that run through the crystal [see also Fig. 5.1
and Fig. 6.1]. An α-helix consists of a chain of peptides that is held in a helical shape by
three 1D chains of hydrogen bonds, that run along the outside of the helix [see Fig. 3.2
or Fig. 1.3].
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Figure 3.6: One dimensional hydrogen bonded peptide chain. Such chains are found in
molecular crystals or along the outside of α helices. The hydrogen bonds (thin lines) connect
the NH with the C=O groups.
In such hydrogen bonded chains the N-H (or C=O) stretching vibrations of each
peptide unit, couple to form delocalized states (vibrational excitons), as described in
Chapter 3.3. However, each oscillator is further coupled via the hydrogen bonds to low
frequency modes, that alter the hydrogen bond length [see Chapter 3.4]. Since the hydro-
gen bonded chains are translational invariant along the direction of the hydrogen bonds,
one can describe a collective motion of a low frequency mode as a phonon mode. Thus
the hydrogen bonds mediate an exciton-phonon coupling. Phonons, which are the normal
modes of a lattice structure, are generally classified into two types: acoustic and optical
phonons.74,75 Acoustic phonons reflect vibrations between individual units cells, while op-
tical phonons correspond to vibrations between molecules inside a unit cell [see Fig. 3.7].a
Optical phonons appear only in systems where the unit cell contains more than one
molecule, such as crystalline ACN (eight molecules) or NMA (four molecules).76,77 Hence
in ACN and NMA vibrational excitons can couple to both, acoustic and optical phonons.
On the other hand, in hydrogen bonded chains in α-helices, the unit cell corresponds to
just one peptide unit and exciton-phonon coupling is only possible with acoustic phonons.
3.5.2 The Davydov theory
In the 1970s Davydov proposed that vibrational excitations in α-helices can self-trap
(self localize) along the helix due to the combination of excitonic and exciton-phonon
coupling.1 The basic idea is that of a polaron, i.e. a vibrational excitation that maintains a
persistent and nontrivial correlation with lattice phonons. In simple words, the vibrational
exciton distorts through phonon coupling the lattice structure of the helix, which reacts,
in turn through phonon coupling, to trap the exciton. As a result one obtains a bound
exciton-phonon state (a polaron). This phenomenon is generally called self-trapping and
it was assumed that the self-trapped state can propagate along the helix in a soliton-like
form. Self-trapping is described by a Fro¨hlich-like Hamiltonian, which is essentially a
combination of Equ. 3.14 and 3.31.78 The Hamiltonian consists of three components, Hˆex,
Hˆph and Hˆint, which describe respectively, excitonic coupling, harmonic phonon modes
aHere, the term phonon is used to describe the “external” dynamics of the peptide units, while
vibrational excitons describe the “internal” dynamics. However, strictly speaking, vibrational excitons
are also phonons (“internal phonons”).
30
3.5. Vibrational polaron
Acoustic phonon:
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Optical phonon:
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Figure 3.7: Illustration of acoustic and optical phonon modes in a molecular crystal. q
is the coordinate of the low frequency phonon mode and Q the one of the high frequency
molecular vibration. Acoustic phonons describe oscillations between individual unit cells,
while optical phonons correspond to vibrations between the molecules inside one unit cells.
and exciton-phonon coupling in a 1D molecular chain. In the most general form the
Hamiltonian reads
Hˆ = Hˆex + Hˆph + Hˆint
Hˆex =
∑
n
~Ω
(
Bˆ†nBˆn +
1
2
)
+
∑
n
β
(
Bˆ†nBˆn+1 + BˆnBˆ
†
n+1
)
Hˆph =
∑
q
~ωq
(
bˆ†q bˆq +
1
2
)
Hˆint =
∑
n,q
χqn
(
bˆ†q + bˆq
)
Bˆ†nBˆn , (3.35)
where Bˆ†n (Bˆn) create (destroy) a vibrational excitation on peptide unit n with frequency
Ω, β is the excitonic coupling strength and bˆ†n (bˆn) create (destroy) one quantum of phonon
energy of wave vector q with frequency ωq. Finally, the exciton-phonon coupling strength
χqn indicates how strongly localized vibrational energy will distort the lattice and how
strongly a lattice distortion will trap the localized vibrational energy. By choosing specific
phonon dispersion relations ωq and coupling functions χ
q
n different coupling geometries
and phonon band structures can be accommodated. In case of a coupling to acoustic
modes the exciton-phonon coupling χqn and the dispersion relation ωq are
79–82
χqn = 2iχ sin qa
√
~
2NMωq
e−iqna, (3.36)
ωq = ω sin (1/2 |qa|) , (3.37)
where N is the total number of peptides in the chain,M the mass of each peptide unit and
a the lattice spacing between them. In this case Hˆph and Hˆint in Equ. 3.35 are expressed
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as
Hˆph =
∑
n
(
pˆ2n
2M
+
1
2
κ (uˆn+1 − uˆn)2
)
(3.38)
Hˆint =
∑
n
χ (uˆn+1 − uˆn−1) Bˆ†nBˆn , (3.39)
where pˆn and uˆn are the momentum and displacement operators of the peptide unit, κ is
the spring constant of the hydrogen bond and χ the exciton-phonon coupling. The two
forms of Hˆ are related by83
bˆq =
1√
N
∑
n
eiqna
(√
Mωq
2~
uˆn + i
√
1
2~Mωq
pˆn
)
(3.40)
bˆ†q =
1√
N
∑
n
e−iqna
(√
Mωq
2~
uˆn − i
√
1
2~Mωq
pˆn
)
. (3.41)
Since the quantum polaron system (Equ. 3.35) cannot be exactly solved,84 Davydov de-
rived from the Hamiltonian classical-like equations of motion, which are supposed to
reflect the quantum evolution of a collective excitation.3,12 The method was based on a
trial wave function, which described a state vector as a functional of generalized coor-
dinates. The equations of motion (evolution equations) of these generalized coordinates
were taken to be the classical Hamiltonian equations, where the expectation value of the
quantum Hamiltonian is used as the Hamiltonian function.85 Davydov showed that un-
der certain approximation the equations of motion reduce to the nonlinear Schro¨dinger
equation that arises in the study of solitons.86 Based on this theory a localization and a
soliton-like transport of vibrational energy along an α-helix was proposed.
Davydov’s theory has been discussed extensively during the last twenty years and
alternative formulations and derivations of the trial wave function, the equations of motion
and the nonlinear Schro¨dinger equation were presented (see Refs. 3 and 46 for reviews).
In the following two aspects of vibrational self-trapping theory are discussed in more
detail, since they are used to describe the experiments in the following chapters. The
first section addresses coupling to optical, instead of acoustic, phonons while the second
section introduces a slightly modified Davyodv model, which emphasizes the intrinsic
anharmonicity and strong exciton-phonon coupling.
3.5.3 Coupling to optical phonons
The unit cells of hydrogen bonded crystals can contain several molecules and hence a
coupling between excitons and both optical and acoustic phonons is possible. In the
studies of vibrational self-trapping in ACN coupling to optical phonons is considered more
likely, since one observes strong changes in the IR spectra, which can not be explained with
a coupling to acoustic phonons (see Chapter 5, Ref. 3 and Ref. 87 for more details). For
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dispersionless optical phonons the exciton-phonon coupling χqn and the phonon frequency
ωq are
3
χqn = χ
q = χ
√
~
2mωq
(3.42)
ωq = ω◦ = const. (3.43)
Thus the theoretical model corresponds to a linear chain, where each site consists of a
vibrational oscillator that is coupled to a low frequency mode. In this case the Hamiltonian
Equ. 3.35 becomes
Hˆ = Hˆex + Hˆph + Hˆint
Hˆex =
∑
n
~Ω
(
Bˆ†nBˆn +
1
2
)
+
∑
n
β
(
Bˆ†nBˆn+1 + BˆnBˆ
†
n+1
)
Hˆph =
∑
n
~ω◦
(
bˆ†nbˆn +
1
2
)
Hˆint =
∑
n
χBˆ†nBˆn
(
bˆ†n + bˆn
)
. (3.44)
One commonly refers to this form of the Hamiltonian as the Holstein polaron Hamil-
tonian.88 In analogy to the Davydov theory the equations of motion, giving rise to the
nonlinear Schro¨dinger equation, can be derived from a trial wave function and self-trapped
(soliton) solutions are obtained.3,89
The Hamiltonian 3.44 (and 3.35) can be diagonalized analytically, if the nonlinear
coupling χ (χqn) or the excitonic coupling β are neglected.
3 In the first case the problem
reduces to the vibrational exciton Hamiltonian discussed in Chapter 3.3. In the second
case the individual sites in the chain are decoupled and one obtains the Hamiltonian of
a hydrogen-bonded molecule, which corresponds to the problem of a displaced oscillator
[Chapter 3.4]. When both couplings are included one has to solve the Hamiltonian nu-
merically, which is possible with high accuracy.90 In analytical treatments of vibrational
self-trapping the nearest neighbor coupling β is commonly neglected in a first step, since it
is smaller than the exciton-phonon coupling χ and is included only afterwards in a pertur-
bative manner.3,87 The resulting problem simplifies significantly when one considers the
one order of magnitude difference between the frequencies Ω and ω◦. After the adiabatic
separation of time scales, outlined in Chapter 3.4, one obtains a potential energy surface
for each excitation level of the exciton as a function of phonon coordinates (see Equ. 3.34).
The energy surfaces correspond to those depicted in Fig. 3.4(b). Exciton phonon coupling
is responsible for the displacement of the potential energy surfaces in the excited state
(the so-called self-trapped states) for which a “Franck-Condon” progression is obtained
consisting of one vibrational excitation plus several quanta of phonon excitations. The
spectral signatures of self-trapping in nonlinear spectroscopy are the major topic of this
dissertation and are discussed in detail in Chapters 5 and 6.
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3.5.4 Polaron bound states
It has been pointed out that many problems in the Davydov theory have their origin
in polaron theory and that different parameter regions require different theoretical ap-
proaches.80,91,92 The three relevant parameters of the problem are the excitonic coupling
strength β, the phonon cutoff frequency ωq and the polaron binding energy, which de-
pends on the exciton-phonon coupling χqn. Depending on the parameters one is either in
the small polaron regime or in the large polaron regime. Small polaron usually describes
the non-adiabatic limit, where the phonon frequency ωq is large compared to the excitonic
coupling β. Such a small polaron, or more precisely non-adiabatic small polaron, occupies
a minimum number of lattice sites, usually one. On the contrary a large polaron generally
refers to the adiabatic limit, where the typical phonon frequency is small relative to the
excitonic coupling, and the polaron extends over a large number of lattice sites usually
justifying a continuum approximation.81,91,92 The so-called Davydov soliton corresponds
to a large polaron in the adiabatic limit80 an entity which has been studied extensively in
the literature.45,88,93,94
Brown and Ivic´ have devised a unified theory that interpolates between small and large
polaron regimes, by combining time dependent variational techniques with partial “dress-
ing” methods.91 In the non-adiabatic limit, i.e. when the exciton bandwidth is less than
the phonon cutoff frequency, the polaron states are dominated by the quantum nature
of the phonons, which can result in a “phonon dressing” of the exciton. Here, a dressed
exciton corresponds to an exciton that is surrounded by a cloud of virtual phonons. The
phonon cloud yields a local distortion of the lattice, which follows the exciton instanta-
neously.88,93,95 This dressing effect modifies the exciton frequency Ω, reduces the exciton
bandwidth, and allows an additional attractive exciton-exciton interaction. Such an in-
teraction between different excitons, can result in bound states of two or more vibrational
quanta.95
However the exciton-phonon coupling is not the only source of nonlinearity in hydrogen
bonded molecular chains. Also the intrinsic anharmonicity of the vibrational modes can
break the independence of the excitons and hence can give rise to nonlinear dynamics. In
fact, in theory the intrinsic anharmonicity itself can cause in 1D classical lattices intrinsic
localized modes, often referred to as discrete breathers [see Chapter 1].14,16,17 These
modes, which have been studied extensively in classical lattices, favor a local energy
accumulation that might be pinned to the lattice or may travel through it. In a quantum
lattice the intrinsic anharmonicity favors the formation of two-exciton bound states.11,16,96
The bound states correspond to a trapping of two quanta of vibrational energy over a few
neighboring sites with an energy that is lower than the energy of two quanta lying far
apart. Lateral interaction can result in a motion of such states from one lattice site to
another, leading to a delocalized wavepacket. Bound states are viewed as the quantum
mechanical counterpart of discrete breathers.11,96
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In conclusion both nonlinearities, intrinsic anharmonicity and strong exciton-phonon
coupling, can have a similar effect on the exciton dynamics, resulting in bound exciton
states. In a recent work Pouthier and coworkers studied vibrational excitations in α-
helices97,98 with special emphasize on the intrinsic anharmonicity and strong exciton-
phonon coupling. This theory is used in Chapter 7 to discuss the nonlinear response
signal of an α-helix and is briefly reviewed in the following. Pouthier’s work is based on a
modification of the Hamiltonian Equ. 3.35, which considers coupling to acoustic phonons
and includes the intrinsic anharmonicity of the vibrational modes (Equ. 3.10) as well as
additional terms to describe the exciton-exciton interaction:
Hˆ = Hˆex + Hˆph + Hˆint
Hˆex =
∑
n
~Ω
(
Bˆ†nBˆn +
1
2
)
+
∑
n
β
(
Bˆ†nBˆn+1 + BˆnBˆ
†
n+1 + Bˆ
†
nBˆ
†
n+1 + BˆnBˆn+1
)
+∆(3)(Bˆ†n + Bˆn)
3 +∆(4)(Bˆ†n + Bˆn)
4
Hˆph =
∑
q
~ωq
(
bˆ†q bˆq +
1
2
)
Hˆint =
∑
n,q
χqn
(
bˆ†q + bˆq
)(
Bˆ†n + Bˆn
)2
(3.45)
The Davydov polaron Hamiltonian is recovered by restricting equation 3.45 to terms that
conserve the number of excitations and by neglecting the intrinsic anharmonicity. In
the discussion of the Davydov theory, the non-conserving additional terms Bˆ†nBˆ
†
n+1 and
BˆnBˆn+1 in Hˆex have been previously used by Takeno, who referred to the corresponding ex-
citation as a vibron.99 The Hamiltonian 3.45 can be simplified by unitary transformations
to obtain an effective Hamiltonian Hˆeff that describes the dynamics of the anharmonic
vibrons dressed by a virtual cloud of phonons, i.e. anharmonic small polarons.97
The effective Hamiltonian Hˆeff conserves the polaron number and the eigenstates can
be expanded by the number state method.96 Using this method, the two-polaron wave
function, which describes states with two vibrational quanta, is expressed as
|Ψ〉 =
∑
n1,n2≥n1
Ψ(n1, n2)|n1, n2〉, (3.46)
where the basis vector |n1, n2〉 characterizes two polarons located at site n1 and n2, respec-
tively.97,100 By taking advantage of the lattice periodicity one can expand the two-polaron
wave function as a Bloch wave
Ψ(n1, n2 = n1 +m) =
1√
N
∑
n1
eik(n1+m/2)Ψk(m). (3.47)
Here m characterizes the distance between the two polarons and k is the wave vector,
that is associated with the center of mass of the two polarons. The momentum k is a
good quantum number and the corresponding Schro¨dinger equation can be solved nu-
merically for each k value to obtain the two-polaron eigenstates and to determine the
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Figure 3.8: Schematic of the energy levels in the case of self-trapped anharmonic ex-
citations97 (not on scale). The two polaron eigenstate energy spectrum exhibits three
bands: The two-polaron free state (TPFS) continuum and the two two-polaron bound states
(TPBS-I and TPBS-II).
two-polaron energy spectrum.97 Pouthier uses in his original work the word vibron for
the dressed states. Here polaron is used to clearly distinguish dressed vibrons (polaron)
from undressed vibrons (vibron or vibrational exciton).
The two-polaron energy spectrum exhibits three types of states [see Fig. 3.8]: (i) two-
polaron free states (TPFS) belonging to an energy continuum which corresponds to two
non-interacting polarons (ii) two-polaron bound states I (TPBS-I) which refer to the
trapping of the polarons at the same site, and (iii) two-polaron bound states II (TPBS-II)
which characterize polarons trapped at nearest neighbor sites. The occurrence of TPBS-II,
which originates from an overlap between the virtual cloud of phonons of each vibron,
appears as a signature of the acoustic nature of the phonons, that are responsible for
correlations between adjacent sites. In case of an undressed state, i.e. χqn = 0, one obtains,
besides the two-vibron free state just one two-vibron bound state. The dressing effect
itself causes the formation of two bound states, which are therefore also observed when the
intrinsic anharmonicity is zero (∆(3)=∆(4)=0). However, when the intrinsic anharmonicity
is nonzero the dressing effect is enhanced by the additional anharmonicity, resulting in
lower energies and smaller bandwidths of the bound states. Depending on the intrinsic
anharmonicity and the polaron binding energy, the TPBS-II are either located inside or
below the TPFS continuum, while the TPBS-I are located over the entire Brillouin zone
below the TPFS continuum. Based one this model one can now calculate a pump-probe
spectrum. Since infrared wavelengths are much longer than a unit cell, one only needs to
consider k = 0 transitions. The pump-probe spectrum of the NH mode of an α-helix is
discussed in detail in Chapter 7. The data shows the spectral signature of two-polaron
bound states.
36
3.6. Fermi resonances
3.6 Fermi resonances
In the Davydov theory the vibrational excitations in hydrogen bonded crystals or α-helices
are described by a 1D chain model. Each site in the chain consists of a single vibrational
oscillator. However, a real hydrogen bonded crystal consists of a chain of molecules,
instead of single oscillators, where each molecule contains several atoms and hence many
vibrational modes. When a fundamental normal mode is accidentally resonant with an
overtone or a combination of lower frequency modes and when an anharmonic term of
the potential energy surface couples them, the overtone (or the combination) mode gains
oscillator strength.101 This phenomenon, called Fermi resonance, can give rise to a double
peak in the linear absorption spectrum. Since vibrational self-trapping can also result
in a double peak signature in the absorption spectrum,2,56,102,103 one has to be careful
not to misinterpret a Fermi resonance with a vibrational polaron. Fermi resonances and
vibrational self-trapping originate from two different anharmonic contributions to the
potential energy surface. Since these anharmonicities can give rise to completely different
2D-IR spectra [see Chapter 5.1.3], one can use 2D-IR spectroscopy to distinguish the
two phenomena. In the following section the 2D-IR spectrum of an elementary Fermi
resonance is constructed. A Fermi resonance between a fundamental mode q1 and an
overtone of mode q2 is described by an additional q1q
2
2 term in the potential energy surface:
V (q1, q2) =
∂2V
2∂q21
q21 +
∂2V
2∂q22
q22 +
∂3V
2∂q1∂q22
q1q
2
2 (3.48)
If one considers only resonant terms (Ω1 ≈ 2Ω2) one can write the Fermi resonance
Hamiltonian as
Hˆ = ~Ω1Bˆ†1Bˆ1 + ~Ω2Bˆ
†
2Bˆ2 +
δ
2
√
2
(
Bˆ1Bˆ
†2
2 + Bˆ
†
1Bˆ
2
2
)
, (3.49)
where Bˆ†1 and Bˆ1 are the creation and annihilation operators of the high frequency mode
and Bˆ†2 and Bˆ2 those of the lower frequency mode. The zero-point energy has been
subtracted and the Fermi coupling δ is defined as
δ =
∂3V
2∂q1∂q22
. (3.50)
In linear absorption spectroscopy, only the |Bˆ1, Bˆ2〉 states |1, 0〉 and |0, 2〉 are reached,
where the first digit labels the excitation of the fundamental mode and the second digit
that of the coupled lower frequency mode. When diagonalizing the Hamiltonian 3.49 in
the reduced basis, {|1, 0〉|0, 2〉} , we obtain the well known results for the eigenenergies
(for a perfect Fermi resonance, Ω1 = 2Ω2):
101
E11 = ~Ω1 −
δ
2
,
E12 = ~Ω1 +
δ
2
, (3.51)
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and the eigenstates:
|11〉 = − 1√
2
|1, 0〉+ 1√
2
|0, 2〉 ,
|12〉 = + 1√
2
|1, 0〉+ 1√
2
|0, 2〉 . (3.52)
Both states mix and split and the otherwise dark overtone gains oscillator strength from
the high frequency mode. This model can be extended in a straightforward manner to
also account for 3rd-order nonlinear spectroscopy.56 The essential difference is that the
probe pulse will now also be resonant with states |2, 0〉, |1, 2〉 and |0, 4〉. Hence, we have
to extend the basis to:
{|1, 0〉 , |0, 2〉 , |2, 0〉 , |1, 2〉 , |0, 4〉} (3.53)
in which the Hamiltonian Equ. 3.49 reads
Hˆ =

~Ω1 12δ
1
2
δ 2~Ω2
0
0
2~Ω1
√
1
2
δ 0√
1
2
δ ~(Ω1 + 2Ω2)
√
3
2
δ
0
√
3
2
δ 4~Ω2

. (3.54)
The Hamiltonian is block-diagonal so that the manifolds {|1, 0〉 , |0, 2〉} and {|2, 0〉 , |1, 2〉 , |0, 4〉}
decouple. Thus it is sufficient to expand the Hamiltonian in the restricted basis {|1, 0〉 , |0, 2〉}
when discussing linear spectroscopy. For each order of non-linear spectroscopy, an addi-
tional block appears in the Hamiltonian, which however decouples from the remainder.
Diagonalization of the second block yields (for Ω1 = 2Ω2)
E21 = 2~Ω1 −
√
2δ,
E22 = 2~Ω1,
E23 = 2~Ω1 +
√
2δ, (3.55)
and
|21〉 = 1
2
√
2
|2, 0〉 − 1√
2
|1, 2〉+
√
3
8
|0, 4〉 ,
|22〉 = −
√
3
2
|2, 0〉+ 1
2
|0, 4〉 ,
|23〉 = 1
2
√
2
|2, 0〉+ 1√
2
|1, 2〉+
√
3
8
|0, 4〉 . (3.56)
The transitions strengths between the various eigenstates can be obtained from the ele-
ments of the transition dipole matrix µ 〈0| Bˆ1+Bˆ†1 |1i〉 and µ 〈1i| Bˆ1+Bˆ†1 |2j〉, respectively,
where µ is the transition dipole of the fundamental normal mode and the notation |ij〉 is
38
3.6. Fermi resonances
 
 
 
Probe Frequency 
P u
m
p  
F r
e q
u e
n c
y  
 
Probe Frequency 
(a)
11
21
12
22
32
0
(b)
2δ
2δ
δ
-+
- +
-+
-+
(c)
-
-+
+
3
6
3 1
5 6
1
4 7
5
8 2
4,2
7,8
Figure 3.9: (a) Vibrational energy levels and (b) calculated 2D IR spectrum of a harmonic
Fermi resonance. Upgoing grey arrows correspond to a positive excited state absorption.
Up and down going black arrows symbolize the negative bleach and stimulated emission
signal, respectively. (c) calculated 2D IR spectrum of an anharmonic Fermi resonance. A
Lorentzian line shape with bandwidth 11 cm−1 is assumed for all transitions. The Fermi
coupling δ, the anharmonicity ∆1 and the frequencies Ωi, are chosen to correspond to the
Fermi resonance of the C=O mode in benzoylchloride [see Chapter 5.1.3]
defined by equations 3.52 and 3.56. The transition strength is equally distributed among
the |0〉 → |11〉 and |0〉 → |12〉 transitions, as expected for a symmetric Fermi resonance.
Of the excited state transitions, the |11〉 → |21〉 , |11〉 → |22〉, |12〉 → |22〉 and |12〉 → |23〉
transitions are about equally strong, while the two other possibilities, |11〉 → |23〉 and
|12〉 → |21〉, carry only negligible oscillator strength. With these ingredients, the 2D-IR
spectrum of a Fermi resonance, which is shown in Fig. 3.9(b), can readily be constructed:
we first calculate the population probabilities of states |11〉 or |12〉 depending on the
pump frequency, and subsequently calculate the up- and downward transitions seen by
the probe-pulse according to the level scheme in Figure 3.9(a). The spectrum shows two
negative and four positive peaks. Two of the positive peaks have a significantly lower
intensity than the other two peaks since the corresponding positive excited state absorp-
tion signals (|11〉 → |22〉 and |12〉 → |22〉) are reduced by negative bleach signals, which
appear for harmonic modes at the same position in the 2D spectrum.
Hamiltonian Equ. 3.49 does not include the intrinsic anharmonicity of the vibrational
modes. However, nonlinear spectroscopy is specifically sensitive to anharmonicities and
hence one should use anharmonic, instead of harmonic oscillators to describe a Fermi
resonance. The eigenenergies of an anharmonic oscillator scale like En = nΩ− n2∆,101 a
result which is taken into account by including the terms ∆iB
†B†BB (Equ. 3.13) into
Hamiltonian Equ. 3.49. Thus one obtains additional terms n2∆i on the diagonal of the
Hamiltonian matrix. A Fermi resonance between two anharmonic oscillators is hence
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described by
H =

~Ω1 −∆1 12δ
1
2δ 2~Ω2 −∆2
0
0
2~Ω1 − 4∆1
√
1
2δ 0√
1
2δ ~(Ω1 + 2Ω2)−∆1 − 4∆2
√
3
2δ
0
√
3
2δ 4~Ω2 − 16∆2

.
(3.57)
The analytic solution of Hamiltonian 3.57 is in contrast to the harmonic case (Equ. 3.55
and 3.56) no longer instructive. Nevertheless, the Hamiltonian 3.57 is easily diagonalized
numerically. After diagonalization one can construct, in the same way as in the harmonic
case, a 2D-IR spectrum. Figure 3.9(c) shows such a 2D-IR spectrum for a perfect Fermi
resonance (Ω1 = 2Ω2) between an anharmonic fundamental mode and an overtone of a
harmonic (∆2 = 0) mode. Including the anharmonicity ∆1 results in dramatic changes
in the 2D-IR spectrum, which reflect the high sensitivity of nonlinear spectroscopy to
anharmonicities. In the anharmonic case one observes a pattern of four positive and four
negative peaks. The two additional negative peaks appear in the anharmonic spectrum,
since negative bleach and positive excited state absorption signals are no longer at the
same spectral positions.
In general, a Fermi resonance depends on the splitting Ω1 − 2Ω2 (which is zero for a
perfect resonance), the Fermi coupling δ as well as the two anharmonicities ∆1 and ∆2,
and thus the 2D-IR spectrum can be quiet different from the ones shown in Figs. 3.9 (b)
or (c). Nevertheless one can still use the method outlined above to calculate the expected
pump-probe and absorption spectra [see e.g. Chapter 7.3].
3.7 Summary
This introduction shows how pump-probe spectroscopy can help to resolve nonlinear cou-
plings, as it directly reveals the underlying anharmonicities of the potential energy surface.
In the harmonic approximation (i.e. the normal mode picture) one expands the potential
energy surface up to second order of the nuclear coordinates. One can show very generally
that a perfectly harmonic system yields a pump-probe spectrum that vanishes exactly,
since the negative contributions, bleach and stimulated emission, and the positive one,
excited state absorption, cancel completely. Hence, pump-probe spectroscopy is particu-
larly sensitive to higher order terms in the potential energy surface expansion. The linear
absorption spectrum is, of course, non-zero even in the harmonic approximation. The
higher order, or anharmonic, terms give rise to different nonlinear phenomena, which are
briefly summarized in the following. For simplicity only two normal modes, q1 and q2 are
regarded.
In the case of two completely uncoupled modes the only anharmonicities are the intrin-
sic anharmonicities of the vibrational modes. They are of the order q31 and q
4
1 (q
3
2 and q
4
2)
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and higher, but do not contain any mixed terms, such as qx1q
y
2 . Intrinsic anharmonic-
ity gives rise to a non-zero pump-probe signal, but it does not couple individual modes.
Mixed terms of the order q1q2, where q1 and q2 are for example the amide I modes of
individual peptide units translate upon quantization to a coupling term (B†1B2 +B
†
2B1)
and can lead to the formation of vibrational excitons. In general, a bilinear term q1q2
vanishes as a result of the normal mode coordinate transformation. Hence the pump-
probe spectrum of a system, that contains besides the harmonic terms only q1q2 terms,
is zero. However, if there are additional cubic and quartic terms, that is if the modes are
intrinsically anharmonic, the pump-probe spectrum is nonzero. In this case, the bilinear
and the higher order terms lead to so-called diagonal and off-diagonal anharmonicities in
the nonlinear spectra (Equ. 3.25 and 3.26 and Fig. 3.3).
Couplings between a high frequency vibrational coordinate q1 and a low frequency
phonon coordinate q2 are described by terms of the order q
2
1q2. These terms can give rise
to a displacement of the potential energy surface in the excited state, which can result in
a progression in the absorption spectrum and in oscillation in the time dependent pump-
probe signal. In combination with a bilinear coupling such a term can lead to self-trapping
of the high frequency mode, as it translates under quantization to a (bˆ†q + bˆq)Bˆ
†
nBˆn term
in the polaron Hamiltonian Equ. 3.35. The details of the self-trapping mechanism depend
further on the coupling strength, the nature of the phonons and the anharmonicity of the
high frequency mode.
Terms of the order q1q
2
2, where q1 is again the high frequency coordinate and q2 is
now a coupled lower frequency mode, can lead to a Fermi resonance when the additional
resonance condition Ω1 ≈ 2Ω2 is fulfilled. In this case the corresponding term in the
Hamiltonian (Equ. 3.49) is (Bˆ1Bˆ
†2
2 + Bˆ1Bˆ
2
2) and the pump-probe spectra are non-zero for
both, intrinsically anharmonic or harmonic modes (Fig. 3.9).
As shown explicitly in this thesis, the various anharmonic contributions can give rise to
completely different pump-probe spectra, although the corresponding absorption spectra
are almost identical. Thus nonlinear vibrational spectroscopy can distinguish between
different anharmonicities in a way that is not possible with linear absorption spectroscopy.
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4 Materials and methods
4.1 Experimental setup
Intensive and sufficiently short light pulses are required to perform vibrational pump-
probe experiments. In the present work a commercial Ti:sapphire laser system was used
to generate intense femtosecond laser pulses at 800 nm, which were converted subsequently
by parametric amplification and difference frequency mixing to the mid-infrared pulses,
that were used in the pump-probe experiment. Figure 4.1 shows an overview of the
experimental set-up, which is described in detail in the following sections.
4.1.1 Laser system
A Ti:sapphire laser oscillator generates the femtosecond pulses, that are necessary to seed
a subsequent regenerative amplifier. The oscillator is based on titanium-doped aluminum
oxide (Ti:Al2O3, Ti:sapphire) as a gain medium, which, in our setup, is pumped by a
frequency doubled, Nd:YVO4, continuous wave laser. Ultrashort pulses are generated
based on self-mode-locking (Kerr lens mode-locking) and dispersion compensation.104–106
The oscillator produces 80 fs pulses centered at 800 nm with a repetition rate of 82 MHz
and a pulse energy of ≈ 8 nJ. Intensive pulses, which are needed for the subsequent,
parametric amplification are obtained in a regenerative amplifier, using chirped pulse
amplification (CPA). Briefly, the idea is first to stretch the pulse duration, thus reducing
the peak power, then to amplify the pulse in a Ti:sapphire laser cavity, pumped by
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Figure 4.1: Overview of the experimental setup. A commercial Ti:sapphire system pro-
duces pulses at 800 nm, which are converted in an optical parametric amplifier (OPA) to
mid-infrared pulses. The nonlinear response of the sample is measured in a pump-probe
setup.
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Figure 4.2: Optical parametric amplification in BBO and subsequent difference frequency
mixing in AgGaS2 (Fig. taken from Stenger53).
a frequency doubled, Nd:YLF laser, and finally to recompress the amplified pulse to
nearly the original duration.104,107 The setup used in this study is commercially available
(Spectra-Physics Lasers) and consists of a Tsunami oscillator, pumped by a Millennia
laser and a Spitfire amplifier in combination with an Evolution pump laser. The system
produces 90 fs (FWHM) laser pulses at 800 nm with a pulse energy of 1 mJ at a repetition
rate of 1 kHz. The pulse energy is reduced by beam splitters and neutral density filters
to ≈300 µJ before the pulses are sent to the optical parametric amplifier.
4.1.2 Optical parametric amplifier
A two stage optical parametric amplifier (OPA), based on β-barium borate (BBO), is
used in combination with difference frequency mixing to generate intense, stable and
widely tunable mid-infrared pulses [Fig. 4.2].53,108 In a 1 mm sapphire window a single
filament white-light continuum is generated, which is focused as a seed for the parametric
amplification into a type II BBO crystal (cut angle ϑ = 27◦, ϕ = 30◦) in spatial overlap
with a small portion (15 µJ) of the 800 nm pump pulse. The 800 nm light is focused very
tightly and acts as a spatial filter for the seed light, which has a larger beam waist and a
poorer mode quality. The generated idler pulse is removed by a dichroic mirror (DM3),
while the signal pulse is used as a seed for a second amplification stage in the same BBO
crystal. A 200 µJ fraction of the 800 nm light, adjusted by a 1:4 telescope to match the size
of the seed pulse, serves as the pump light. The combined energy of the generated signal
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and idler pulses is ≈ 40-70 µJ/pulse, which corresponds to a conversion of ≈ 25%. Signal
and idler pulses are separated by another dichroic mirror (DM4) and the idler passes over
a variable delay line to adjust the temporal delay between the two pulses. Both pulses
are then focused into a type I AgGaS2 crystal (cut angle ϑ = 32.6
◦, ϕ = 45◦), where the
difference frequency, with respect to the frequencies of signal and idler, is generated. Mid-
infrared pulses are obtained which are tunable between 3 and 6 µm (1400-3500 cm−1).
The typical pulse energy is 1-2 µJ and the pulse duration is about 130 fs. An outstanding
feature of the setup is its unusual low intensity fluctuation of only 0.2% (rms), which is
much smaller than the 1-2% shot to shot (rms) noise of the Ti:sapphire amplifier.108
4.1.3 Pump-probe setup
Figure 4.3 shows the pump-probe setup used to measure the third order nonlinear re-
sponse. The pulses from the OPA pass first through a long pass filter, which transmits
only mid-infrared light and blocks signal and idler. Two weak reflections of a BaF2 wedge
are used as a probe and a reference pulse, while the remaining pulse is sent over a variable
delay line and serves as the pump pulse. All three pulses are focused by a 30◦ off axis
parabolic mirror into the sample. Before passing the mirror the beam diameters of probe
and reference pulses are enlarged by a telescope, in order to reduce their focus spot size in
the sample (90 µm) with respect to that of the pump pulse (140 µm). Pump and probe
beam overlap spatially in the sample, while the reference beam passes through a region,
which is not excited by the pump pulse. After the interaction with the sample the light
is collimated by a second parabolic mirror and the pump pulse is blocked. Probe and ref-
erence are spectrally dispersed in a grating spectrometer and focused onto a double array
of MCT (Mercury Cadmium Telluride, HgCdTe) detectors (2×31). Two BaF2 wedges
are placed before the spectrometer to correct an inclination of the focal planes on the
detector arrays. Typical spectral resolutions are 8 cm−1 for a wavelength of λ = 3µm and
4 cm−1 for λ = 6µm. In order to increase the overall sensitivity of the setup the long term
drifts are eliminated by chopping the pump beam at half the repetition rate of the laser
system. One then obtains the absorbance change signal by comparing the probe beam to
the reference beam with pump beam (chopper open) and without pump beam (chopper
closed). Hence the absorbance change ∆A is given by:
∆A = log
[(
Iprobe
Irefrence
)
pump on
×
(
Irefrence
Iprobe
)
pump off
]
(4.1)
In this way intensity fluctuations of the laser pulse are correlated and an overall sensitivity
of the order of 0.005 mOD can be achieved.
For two dimensional infrared (2D-IR) spectroscopy and frequency-selective experi-
ments narrowband pump pulses are used to excite the sample. For this purpose the pump
pulse is filtered by a Fabry-Perot etalon (Fabry-Perot interferometer), which consists of
two parallel partial reflectors (R≈ 80-90%) on a piezo-controlled mirror mount. The re-
sulting pump pulse has an asymmetric temporal pulse shape with a fast rising edge limited
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Figure 4.3: pump-probe setup used to measure the third order response function. The
light pulse is split into a pump (black), a probe (grey) and a reference (dashed grey) pulse.
Pump and probe pulses overlap in the sample, while the reference pulse passes through a
region which is not excited. The absorbance change spectra is recorded by a double detector
array at the end of the spectrometer (Fig. adapted from Stenger53).
by the pulse duration of the original pulse and a falling slope which decays exponentially
with 250 fs for λ = 3 µm and 750 fs for λ = 6 µm.57,109 A spectral width of ≈ 30 cm−1
(3 µm) and ≈ 14 cm−1 (6 µm) is achieved. The center frequency of the pulse is tuned by
adjusting the Fabry-Perot filter with the help of a computer controlled feedback loop. For
this purpose the pump instead of the probe pulse is sent to the detector. In this way one
obtains two frequencies that are used to construct a 2D-IR spectrum: the center frequency
of the pump pulse and the frequency of the spectrally dispersed probe pulse.57,59
In some experiments the detected signal shows a pattern of interference fringes which
are superimposed on the absorbance change spectrum. The oscillation frequency of the
fringes increases with increasing pump-probe delay time. These fringes are caused by a
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small fraction of the pump pulse, which is scattered in the direction of the probe pulse and
hence into the spectrometer. The scattering is either due to sample impurities, crystal
defects in the sample or scratches on the windows of the sample holder. The spectrometer
performs a Fourier transformation of the pulses, which can then interfere in the frequency
domain on the detector array. Since the pulses are spectrally dispersed by the grating
they become temporally stretched and can interfere at delay times that are much longer
than the original pulse duration. When the delay time is varied by half an optical cycle of
the IR light the fringes shift by half an oscillation period. Hence the contribution from the
interferences can be reduced by averaging over delay times varied over one optical cycle
of the IR light. As a result, each measuring point is an average of up to 32 slightly shifted
pump-probe delay times. For most samples this method yields absorbance change spectra
without scattering artifacts. However, in some experiments additional diaphragms are
placed in the path of the probe and reference pulse [see Fig.4.3] to further reduce the
contributions from scattered pump light.
In case of crystalline samples (e.g. crystalline acetanilide, ACN) the scattering seems
to originate mainly from crystal defects [see Fig. 4.5(b)] which occur along the direction of
the crystal axis. For ACN very strong interferences, which cover the absorbance change
spectra completely, are observed when the crystal b-axis (hydrogen bonded chain) is
orientated perpendicular to the detector array. In this case a large fraction of the pump
light is scattered directly onto the detector array. However, when the b-axis is orientated
parallel to the detector array, the pump light is scattered away from the array and the
interferences are significantly reduced, enabling the observation of pump-probe spectra.
Since the orientation of the (crystalline) sample is then determined by the orientation of
the detector array, one has to use a half wave plate, placed between OPA and pump-probe
setup, to align the E-vector of the laser pulse with the vibrational dipole moments of the
sample molecules. In case of ACN samples it was crucial for the observation of a pump-
probe signal that all three pulses (pump, probe and reference) were passing through an
essentially defect-free area of the crystal [see Fig. 4.5(b)]. Therefore the reference pulse
was placed as close as possible to the pump pulse. In order to find a defect free position
of the sample and to align the overlap between pump and probe pulses, the absorbance
change signal was monitored at long delay times (>8 ps), where interferences between
pump and probe pulses are not resolved.
4.2 Sample preparation
4.2.1 Crystalline acetanilide and N-methylacetamide
Acetanilide (ACN) was purchased from Aldrich, Germany (zone refined, purity: 99.95 %)
and deuterated ACN (ACN-D8) from Cambridge Isotope Laboratories, USA (purity: 98 %).
Monocrystalline ACN was prepared by cooling a thin layer of the molten substance be-
tween two CaF2 windows.
110 To this end, a few milligrams of ACN were placed on a
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CaF2 window, which was mounted in a brass sample holder. The sample holder was ei-
ther placed on a hot plate or connected to four resistors (R=33 Ω), which were used to heat
the sample. By controlling the heat current one could adjust accurately the temperature
of the sample holder. After melting the ACN (mp=115 ◦C) a second (hot!) window was
carefully placed on top of the liquid ACN film and a hot cover plate was mounted on the
sample holder [see Fig. 4.4]. Afterwards the temperature was lowered by about 10 ◦C/h
until crystals formed from the supercooled liquid (at 60-70 ◦C). Some control of the crystal
thickness was obtained by tightening the cover plate during the cooling process to apply
some pressure. The quality of the crystals was examined under a microscope. Most of the
crystals contained numerous shrinkage cracks and air/gas inclusions, which formed during
the crystallization process [see Fig. 4.5(a)]. In these cases the sample was rejected and
the process was repeated. Only crystals with a large uniform monocrystalline area, as the
one shown in Fig. 4.5(b), were selected for the experiments. In general, thinner crystals
contained fewer defects and most of the shrinkage cracks occurred along the crystalline b-
axis, which runs parallel to the hydrogen bonds [see Fig. 5.1]. The crystalline orientation
of the sample was determined by measuring the polarized IR spectrum.110 The normal
orientation of crystalline ACN is tabular with the bc face of the unit cell parallel to the
surface of the CaF2 substrate [a 100 orientation, see Fig. 1.4]. However some samples
contained areas with a 001 orientation (the ab face parallel to the substrate surface).
Such samples were not used in the experiments.
In case of ACN-D8 the cooling method did not result in any monocrystalline sam-
ples, which was most likely a consequence of the lower purity of the substance. Hence
monocrystalline ACN-D8 was grown out of a concentrated solution of Ethanol/Chloroform
(20/80). To this end a droplet of the solution was placed on a CaF2 window. After a
few hours the solvent was completely evaporated and crystalline areas were formed. This
alternative crystallization method resulted in lower quality samples, which showed strong
scattering of the laser pulses in the pump-probe experiment.
N-methylacetamide (NMA) was obtained from Aldrich, Switzerland (purity: 99+%)
and NMA-D6 from C/D/N Isotopes, Canada (purity: 98.3 %). Monocrystalline samples
Sample Holder
ACN CaF Window
Cover Plate
Screw
2
Hot Plate
25 mm
Figure 4.4: Sample Holder used for experiments and sample preparation. The sample
holder is placed on a hot plate (or alternatively connected to four resistors) to melt the
ACN, which is spread onto a CaF2 window. After melting, a second CaF2 window is
mounted on top of the ACN film. Then a cover plate is tightened onto the sample holder.
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Figure 4.5: (a) Crystalline ACN sample with air inclusions and shrinkage cracks (b)
Monocrystalline ACN. The circles depict the pump pulse (full line) and probe and ref-
erence pulses (dotted lines). Shrinkage cracks occur along the direction of the b-axis. (c)
Monocrystalline NMA-D6
were prepared by the cooling method described in the previous paragraph. Beforehand
NMA or NMA-D6 (5-10 µl) was heated on a CaF2 window to ≈ 100 ◦C for about 15 min-
utes in order to remove any possible water contaminations of the highly hygroscopic
substance. To prevent a water contamination of the supply container the whole process
was performed in a nitrogen flushed glove box. In case of NMA and NMA-D6 the cool-
ing method resulted almost always in samples with monocrystalline 010 orientations [see
Fig. 4.5(c)]. IR absorption spectroscopy was used to verify that the samples did not con-
tain any water traces. All NMA spectra were measured at temperatures below the solid
phase transition, which is found either at 0 ◦C111 or 10 ◦C.77
For both, FTIR and pump-probe experiments, a small sample area, which showed only
one crystalline orientation, was selected. The other areas of the sample were covered by a
piece of paper, which was carefully glued onto the CaF2 window. The FTIR spectra were
obtained with the E vector parallel and perpendicular to the hydrogen bond chain (the b
and c axis in ACN and the a and c axis in NMA, see Fig. 5.1 and Fig. 6.1). The comparison
between polarized absorption spectra [see e.g. Fig. 6.2] and the literature data2,110,112
confirmed that our samples were in a monocrystalline phase. In case of ACN and NMA-D6
the crystals in the sample were perfectly aligned in one direction, while the ACN-D8 and
NMA samples showed some disorder. The thickness of the crystals was estimated to
5-10 µm from the absorption spectra.110 All pump-probe spectra were obtained with
the E vector parallel to the hydrogen bond chain. For temperature dependent FTIR
experiments the samples were placed in a helium closed cycle cryostat (Air Products,
Displex 202A) and measurements were performed between 18 K and 293 K (±2 K). The
temperature dependent pump-probe measurements on ACN were performed in a liquid
nitrogen cooled open cycle cryostat (Janis Research Company, ST-100) at temperatures
between 77 K and 293 K (±2 K).
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4.2.2 Poly-γ-benzyl-L-glutamate
The polymer poly-γ-benzyl-L-glutamate (PBLG) forms extremely stable and long α-
helices in both, helicogenic solvents and films grown from these solvents.113 The monomeric
unit of PBLG, shown in Fig. 4.6(a), is a non-natural amino acid with a long side chain
that stabilizes the helix. A sample of PBLG with a chain length of ≈90 monomers
(molecular weight of 17400-22000 g/mol) was purchased from Aldrich, Switzerland. Fully
C-deuterated PBLG (PBLG-D11) was prepared in our laboratory by the method of Blout
and Karlson.114 First, deuterated γ-benzyl-L-glutamate was prepared from L-glutamic-D5
acid and benzyl-D7 alcohol, which were both obtained from C/D/N Isotopes, Canada
(yield: 28%).115 In the next step N-carboxy-γ-benzyl-L-glutamate anhydride was syn-
thesized from triphosgene and deuterated γ-benzyl-L-glutamate in a tetrahydrofurane
suspension under nitrogen at 50 ◦C (yield 81%).116 For the recrystallization of the an-
hydride the reaction mixture was partly evaporated, poured into hexane and stored in
a refrigerator (T = 5 ◦C). After the beginning of the crystallization process the reaction
mixture was stored up to two days in a freezer (T = −30 ◦C) to allow completion of the
crystallization process. Then the sample was filtered, washed with hexane and dried in a
vacuum desiccator. The polymerization of the anhydride was started in very clean dioxane
(Fluka, puriss. abs.) at a temperature of 15 ◦C with sodium methoxide as initiator and
an anhydrid:initiator ratio of 50:1. After 12 hours the temperature was increased to 20 ◦C
and then after 24 hours to 25 ◦C. To isolate the polypeptide the polymer-dioxane mixture
was poured under stirring into methanol (with 1 mM HCl). The precipitate was filtered,
washed (methanol, ether) and dried in vacuum at 50 ◦C (yield: 90%). A molecular weight
of 6500-15300 g/mol was estimated from viscosity experiments, corresponding to a chain
length ≈50 monomers. For the viscosity measurement non deuterated PBLG, synthesized
by exactly the same process, was used.
Since the first investigations on PBLG it has been reported that the molecule exists in
different molecular configurations, depending on the molecular weight and the solvent.117
High molecular weight samples in weakly interacting solvents adopt an α-helical configu-
ration, while very low molecular weight samples exist also in a so-called β-configuration
or in a solvated form (σ-form).117–120 The different configurations can be identified by
the frequency of the amide I mode in the IR spectrum [α: 1655 cm−1, β: 1630 cm−1, σ:
≈1670 cm−1, see Fig. 4.6(b)].118 Since only the low molecular weight samples are soluble
in formic acid one can easily separate the different species.118 All PBLG samples that
were produced in our laboratory were treated with formic acid to remove low molecular
weight species. The α helical configuration of the samples was verified by IR and by nu-
clear magnetic resonance (NMR) spectroscopy. In the NMR measurements the chemical
shifts of the NH and the α-CH protons were measured and compared to the literature.121
PBLG is normally a styrofoam- or powder-like white substance, which can be trans-
formed easily into a thin, transparent gel-like film, suitable for FTIR and pump-probe
spectroscopy.122,123 PBLG films were grown from concentrated chloroform solutions by
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Figure 4.6: (a) Monomer unit of Poly-γ-benzyl-L-glutamate (PBLG). (b) IR spectra of
PBLG films grown from the fraction that is soluble in formic acid (low molecular weight)
and the one that is insoluble (high molecular weight). The different fractions can be clearly
distinguished by the frequency of the amide I mode (1630-1670 cm−1). (c) IR spectra of
deuterated Chloroform (CCl3D) with 3% TFA (dashed line) and PBLG dissolved therein.
At this TFA concentration PBLG forms at room temperature a helix (black line) and unfolds
below 268 K into a random coil (grey line). The amide I (1654 cm−1 at 293 K), amide II
(1550 cm−1) and NH (3290 cm−1 at 293 K) stretching bands are not yet completely covered
by the solvent bands.
evaporation of the solvent. For this purpose a droplet of the solution (10-50 µl) was placed
on a clean CaF2 window. The droplet was spread over the window with a razor blade.
After a few minutes the solvent evaporated and a clear thin film was formed. Control of
the sample thickness was obtained by varying the droplet size. Oriented PBLG samples
were prepared by allowing the solution to concentrate to a gel and then spreading it out
by a single stroke of a razor blade.122 This method only resulted in a partial orientation of
very thin films with an absorbance ≤7 mOD for the NH stretching mode. Due to the low
absorbance and very strong scattering the oriented films were not suitable for pump-probe
experiments.
A wide variety of liquids, such as benzene, dioxane, chloroform, ethylene dichloride,
dimethylformamide, m-cresol and pyridine serve as helicogenic solvents for PBLG.113 For
the present work deuterated chloroform was chosen as a solvent, since it does not contain
absorption bands in the spectral regions of the amide I and the NH mode. Measurements
were performed in 50 and 100 mM solutions between two CaF2 windows, separated by a
100 µm teflon spacer.
When PBLG is dissolved in strong acids, such as trifluoroacetic acid (TFA) or di-
chloroacetic acid (DCA) it forms a random coil structure.113 In mixtures of acids and
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helicogenic solvents PBLG forms, depending on the mixing ratio, either a random coil or
an α-helix with a sharp phase transition between the two configurations.121,124 The phase
transition can also be induced by a temperature change,124–126 since the helix, which is
stable at high temperatures, unfolds at low temperatures to a random coil and vice versa
(cold denaturation, see Chapter 7.1 for more details). The transition temperature depends
on the mixing ratio between the acid and the helicogenic solvent. Measurements on the
two different PBLG conformations were performed in a chloroform solution with 3% TFA.
At this concentration, PBLG changes from an α-helix to a random coil at ≈ 268 K. At
higher TFA concentrations the PBLG absorption bands in the IR spectrum are covered by
the more intense TFA bands [Fig. 4.6(c)]. At lower concentrations (1% TFA) PBLG stays
in the helical conformation for temperatures as low as to 253 K.a The phase transition
can be monitored by IR spectroscopy. Upon unfolding, the frequency of the amide I mode
decreases from 1654 cm−1 to 1630 cm−1, while the frequency of the NH stretching mode
increases from 3290 cm−1 to 3355 cm−1 [see Fig. 4.6(c)]. The temperature of the sample
was controlled by a thermoelectric cooling system, consisting of four peltier elements,
each with a cooling power of 27 W, which were cooled down to ≈ 263 K by a mini chiller
(Ku¨hne Ka¨ltemaschinenbau GmbH; coolant: 50% glycol, 50% water). Measurements
were performed between 253 K and 293 K (± 2 K). Since chloroform is very volatile it
partly evaporated during the assembly of our standard sample holder [Fig. 4.4], making it
impossible to control exactly the concentration of TFA. Therefore a flow cell with a 50 µm
spacer was used for the temperature dependent measurements.127 Use of the flow cell
allowed an exact control of the TFA concentration and furthermore assured that different
samples had exactly the same thickness, thus allowing a background substraction.
a253K was the lower limit of the employed cooling system.
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5 Self-trapped states in acetanilide∗
Since the early 1970s crystalline acetanilide (CH3-CONH-C6H5, ACN) has been regarded
as a model system to study the nature of vibrational excitations in secondary struc-
tures of polypeptides and proteins. ACN forms molecular crystals, which consist of quasi
one-dimensional chains of hydrogen bonded peptide groups (-CO-NH-) with structural
properties similar to α-helices, one of the most common secondary structure motif in pro-
teins [see Fig. 5.1]. It has been speculated that self-localization of vibrational excitations
(i.e. the C=O and NH stretching modes) in α-helices plays an important role in the en-
ergy transport in proteins.1 This self-trapping phenomena is, as outlined in Chapter 3,
based on coupling mechanisms that exist in one-dimensional hydrogen bonded chains.
Thus ACN is commonly used as a model system to study vibrational self-trapping in α-
helices. It is well established that the IR and Raman spectra of the amide I (i.e. the C=O
stretching) and the NH stretching band of crystalline ACN exhibit so-called “anomalies”
[see Fig. 5.2]:2,3,110 The amide I mode, which is observed at 1666 cm−1 at room temper-
ature, splits into two bands at low temperatures with an additional “anomalous” band
at 1650 cm−1. The NH stretching mode is weakly temperature dependent and exhibits
a main peak at 3295 cm−1 accompanied by an almost-regular sequence of satellite peaks
towards lower frequencies. It has been suggested that both anomalies can be explained
by self-trapping of vibrational excitations.2,3,87,89,128–130
In the present chapter self-trapping theory in ACN is tested in detail utilizing various
forms of nonlinear time resolved spectroscopy, including frequency selective and impul-
sive pump-probe spectroscopy and two-dimensional infrared (2D-IR) spectroscopy. In
Section 5.1 the nonlinear response of the amide I mode is discussed, which unambigu-
ously proves that the anomalous double peak corresponds to a delocalized free exciton
state and a self-trapped state. Section 5.2 treats the signal of the NH mode, revealing the
spectral signatures of ultrafast self-trapping and nonlinear exciton-phonon coupling.
∗The work presented in this chapter has been published in:
J. Edler, P. Hamm, and A. C. Scott. Femtosecond study of self-trapped excitons in crystalline acetanilide.
Phys. Rev. Lett. 88(6), 067403, (2002).
J. Edler and P. Hamm. Self-trapping of the amide I band in a peptide model crystal. J. Chem. Phys.
117(5), 2415, (2002).
J. Edler and P. Hamm. Two-dimensional vibrational spectroscopy of the amide I band of crystalline
acetanilide: Fermi resonance, conformational substates or vibrational self-trapping ? J. Chem. Phys.
119(5), 2709, (2003).
J. Edler and P. Hamm, Spectral response of crystalline acetanilide and N-methylacetamide: Vibrational
self-trapping in hydrogen-bonded crystals, Phys. Rev. B, 69(21), 214301, (2004).
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5.1 The amide I band
5.1.1 The anomalous peak in the amide I band
Figure 5.2(a) shows the amide I mode of ACN, i.e. the peak at 1666 cm−1 and the
anomalous temperature dependent peak at 1650 cm−1. The origin of the splitting has been
the topic of many theoretical and experimental studies, including IR absorption, X-ray
scattering, Raman scattering and neutron scattering.2,3,46,50,87,89,102,103,128,130,132–141 Careri,
Scott and coworkers attributed the anomalous band to vibrational self-trapping2,3,89 after
carefully examining more conventional explanations. Measurements on polycrystalline,
amorphous and dissolved ACN samples demonstrated that the hydrogen bond network
of the crystal is essential for the appearance of the anomalous band.128 Investigations of
the temperature dependence of the specific heat, the dielectric constant and the volume
expansion excluded the occurrence of rotational isomerism or polymorphic transitions,128
while Davydov splitting was ruled out due to the polarization behavior of the two bands.2
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Figure 5.1: (a) Crystalline structure of acetanilide (ACN). Projection of the unit cell,
which contains eight molecules in the ab plane. Black bonds, molecules in the plane c/4; grey
bonds, molecules in the plane 3c/4. The dotted lines correspond to the hydrogen bonded
chain. Adapted from Sauvajol et al..131 See also Fig. 1.4 for a three dimensional illustration
of the hydrogen bonded chain in the crystalline bc plane. (b) Comparison between the
peptide units of crystalline ACN and an α-helix. Both systems contain hydrogen bonded
chains with comparable structural properties.2
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A Fermi resonance or the existence of different configurational sub-states has tentatively
been discarded, based on the temperature dependent intensity ratio and energy splitting
of the two bands.2
Vibrational self-trapping is described by the polaron-Hamiltonian Equ. 3.35, which
combines two coupling mechanisms: excitonic coupling and exciton-phonon coupling. The
self-trapping theory is described in detail in Chapter 3.5. In short, excitonic coupling is
caused by electrostatic interactions between individual molecular oscillators, and leads
to the delocalization of a vibrational excitation. This state, called vibrational exciton or
vibron, is coupled to lattice phonons through a nonlinear term, which is mediated by the
hydrogen bonds. As a consequence, the initially delocalized exciton collapses to form a
self-trapped state. In principle the exciton can couple to an acoustic or an optical phonon.
For an acoustic phonon the Franck-Condon factor, which describes the probability of a
transition from the ground to the excited state, is expected to be small. Since a small
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Figure 5.2: (a) Absorption spectrum of the amide I band of crystalline ACN, showing a
temperature dependent doublet. According to self-trapping theory the peak at 1650 cm−1,
which is only observed at low temperatures, corresponds to a self-trapped state and the
one at 1666 cm−1 to a free exciton. (b) Absorption spectrum of the NH band, consisting
of a main peak at 3295 cm−1 (free exciton) and a sequence of satellite peaks (self-trapped
states). The corresponding schemes of potential energy surfaces are depicted on the right.
EBD represents the binding energy of the self-trapped state.
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Franck-Condon factor precludes the strong absorption that is evident from Fig. 5.2, a
coupling to an optical phonon is assumed2,3 and Hamiltonian Equ. 3.44 applies. In an
adiabatic approximation the potential energy surface for each vibrational excitation level
is expressed as a function of phonon coordinates, as shown in Fig 5.2. The exciton-phonon
coupling gives rise to a displacement of the potential energy surfaces of the self-trapped
states.
In case of the amide I mode in ACN the displacement between ground and excited state
is small and at zero temperature only the zero-phonon transition (i.e. the 1650 cm−1 band)
carries noticeable oscillator strength and all other transitions are weak. With increasing
temperatures, phonons in the C=O ground state are thermally excited, and the intensity
of the zero-phonon line diminishes. The temperature dependence of the anomalous band
follows a e−γT
2
law at low temperatures, which can be deduced in a straightforward manner
from the Hamiltonian Equ. 3.44.2,3,87,89 The e−γT
2
temperature dependence is precisely
that of a zero-phonon band of color centers142 and is considered to be the strongest support
for self-trapping theory. A further intriguing feature of self-trapping theory is that all
parameters can be estimated from independent experiments.87 This is why presently
self-trapping theory is considered to be the most convincing explanation of the observed
anomalous amide-I band. Thus the band at 1650 cm−1 has been assigned to a self-trapped
state while the band at 1666 cm−1 corresponds to a “free” exciton, which is not affected
by the interaction with the phonon system.
Nevertheless, self-trapping theory is not completely unproblematic and a controversy
about the anomalous spectroscopy of ACN is still going on, which has been reviewed
thoroughly in Ref. 3. Most challenging is the failure of self-trapping theory to explain the
results of isotope exchange experiments. Deuteration of the amide proton of ACN102 as
well as of the methyl protons results in the disappearance of the temperature dependent
amide-I band, while deuteration of the phenyl group has no effect.103,133 Deuteration
may lead to minor frequency shifts of the C=O band and the phonon modes, but the
electronic coupling terms in the Hamiltonian Equ. 3.44 (the excitonic coupling β and the
exciton-phonon coupling χ) and consequently, self-trapping should not be significantly
affected.
The strong dependence of the appearance of the anomalous band on isotope exchange
suggests a Fermi resonance mechanism, since in that case, small frequency shifts might
remove an accidental resonance. Along this line, Johnston and Swanson102 have at-
tributed the amide I doublet to temperature tuning of a Fermi resonance between the
NH-deformation band at 1553 cm−1 (i.e. the amide II band) and a low frequency mode
at about 100 cm−1. The latter shows an extraordinary strong frequency shift with tem-
perature, which was suggested to shift the combination band into resonance with the
amide I fundamental upon cooling, causing the intensity of the anomalous amide I band
to increase. They showed that deuteration of the amide proton of ACN results in a strong
shift of the amide-II band, destroying the Fermi resonance and hence the amide I split-
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ting. Furthermore, 13C substitution results in a different temperature dependence of the
doublet, explained by an altered resonance condition.
Based on similar Raman and infrared studies, Barthes and coworkers have questioned
the Fermi resonance model significantly.103,134 Their experimental data showed that three
modes of the amide I group (760 cm−1, 1650 cm−1 and 3255 cm−1) exhibit an anomalous
temperature dependence. It seems very unlikely that an accidental degeneracy occurs for
three amide modes in precisely the same way. Furthermore, methyl deuterated ACN does
not exhibit any anomalous amide I band, although the two modes, which have been made
responsible for the suspected Fermi resonance in Ref. 102, appear at similar frequencies
as in the protonated molecule. In conclusion, these observations show that the Fermi
resonance model is quite unlikely, but they are indirect and do not exclude it completely.
However, one should keep in mind that self-trapping theory cannot explain the isotope
effects either.
As third hypotheses it has been suggested that a conformational transition is the ori-
gin of the two bands. Picosecond-infrared pump-probe experiments on ACN, preformed
by Fann et al.,132,141 indicate that the transmission at the anomalous 1650 cm−1 band
exhibits no long lived transients that might characterize self-trapped states. Therefore it
has been proposed that the unusual temperature dependence can be accounted for by two
slightly nondegenerate configurations of the amide-I proton. Furthermore, Blanchet and
Fincher138 have reported similar temperature dependencies of the intensities of a whole
series of transitions, in particular in the low-frequency range below 100 cm−1, which have
been attributed to a structural transition (i.e. a “topological soliton”). However, inelastic
neutron scattering experiments showed only one conformation of the proton,135–137 ques-
tioning significantly the two-state theory. Moreover, Barthes and coworkers have recently
questioned even the observation of a temperature dependent intensity of most of the bands
discussed by Blanchet and Fincher138 by carefully studying the integrated intensities of
these states.139
In the following Chapter 5.1.2 various forms of pump-probe spectroscopy are used to
show that both amide-I sub-states of ACN exhibit a distinctively different response on se-
lective excitation:55 A detailed analysis suggests that the anomalous band at 1650 cm−1 is
localized, while the “normal” band at 1666 cm−1 is delocalized (i.e. a free exciton) at low
temperatures. In Chapter 5.1.3 the alternative origins for the anomalous amide-I band
are ruled out by using 2D-IR spectroscopy to distinguish between various kinds of nonlin-
earities.56 To that end, the 2D-IR spectrum of ACN is compared with the 2D-IR spectra
of molecular systems which are chosen as simple representatives of the two proposed alter-
native explanations: (i) a Fermi resonance and (ii) different configurational substates. We
shall see that although the linear absorption spectra of all these systems are comparable,
the nonlinear 2D-IR responses deviate significantly, albeit in a well understood way.
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5.1.2 Evidence for self-trapping of the amide I band
Experimental results
In a first set of experiments short, broadband pump pulses [spectral width: 120 cm−1,
pulse duration: 130 fs (FWHM)] are used to impulsively excite the whole spectrum shown
in Fig. 5.3(a). The excited spectrum contains both amide I bands as well as a broad, weak
band at 1600 cm−1, which is assigned to a ring deformation mode of the phenyl ring.2 The
present chapter focuses on the amide I bands, however the 1600 cm−1 band is used as a
reference mode to observe relaxation of the amide I bands. The pump-probe response for
the probe frequency resonant with the 1600 cm−1 band is shown for different temperatures
in the inset of Fig. 5.4(b). These transients are highly reproducible and show pronounced
oscillations which persist up to about 3 ps. A spectral analysis of the beating structure
is obtained from the Fourier transformation:
∆A(ω, ωpr) =
∫ ∞
0
dtpu,pre
iwtpu,pr∆A(tpu,pr, ωpr) (5.1)
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Figure 5.3: (a) Part of the absorption spectra of crystalline ACN, showing the 1600 cm−1
phenyl ring mode and the anomalous (1650 cm−1) and normal amide-I band (1666 cm−1)
at 93 K. (b) Absolute value of the 2D-IR Fourier transform spectrum at 93 K. ωpr is the
frequency of the probe pulse and ω results from the Fourier transformation of the pump-
probe data with respect to delay time tpu,pr between pump and probe pulse. Cross peaks
appear in the spectrum where vertical lines, marking the peak position in the linear spectrum
cross diagonal lines, originating from coupled bands. There are two prominent cross peaks
related to the ring mode and both amide I modes (black lines).
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Figure 5.4: (a) Linear absorption spectra of the amide I mode of ACN for different tem-
peratures. The intensity of the anomalous peak (1650 cm−1), representing the self-trapped
state, increases with decreasing temperatures. (b) Fourier transform spectra of the coherent
response of the 1600 cm−1 mode for different temperatures. The inset shows the absorbance
change signal at probe frequency corresponding to the 1600 cm−1 mode. At 93 K two
frequencies contribute to the oscillations, at 293 K only one.
where ∆A(tpu,pr, ωpr) is the pump-probe signal (i.e. the transient response in the inset of
Fig. 5.4) for delay times tpu,pr between pump and probe pulse at probe frequency ωpr. The
absolute value spectrum |∆A(ω, ωpr)| is shown in Fig. 5.3(b) as a two-dimensional (2D)
plot. In this representation, the x-axis corresponds to the probe frequency ωpr and the
y-axis to the frequency ω, which is revealed by Fourier transformation. Cross peaks are
expected at positions where the vertical lines, that indicate the location of the absorption
peaks in the linear spectrum cross diagonal lines, originating from coupled bands.143 Two
clear cross peaks are visible in Fig. 5.3(b), which correspond to the reference mode at
1600 cm−1 and the two amide I bands, respectively.
The data is analyzed in detail by inspecting different cuts through the 2D plot.
Fig. 5.4(b) shows a cut along the ω-axis for a constant probe frequency ωpr matching
the reference mode at 1600 cm−1. This Fourier transform spectrum shows a remarkable
change with decreasing temperature: At 293 K, one observes only one distinct frequency
component at 63 cm−1. At low temperatures this component shifts slightly to 66 cm−1
and clearly decreases in spectral width, while an additional strong component appears at
about 50 cm−1. Interestingly, this temperature dependence parallels that observed for the
absorption spectrum of the amide I band [see Fig. 5.4(a)]. Furthermore the frequencies
of the oscillatory response match perfectly with the splitting between the reference mode
at 1600 cm−1 and both amid I modes. Combining both observations, we conclude that
the Fourier transform spectrum in Fig. 5.4(b) directly resembles the absorption spectrum
of the amide I band. The important point is that one can deduce a lower limit for the
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Figure 5.5: Cuts through the real part of the 2D spectrum shown in Fig. 5.3 along the
probe frequency ωpr axis for ω = 0 for different temperatures. A bleach of the self-trapped
state (1650 cm−1) is only observed at low temperatures, while a bleach of the free exciton
(1666 cm−1) is only observed at high temperatures.
lifetime of the amide I states from the decay of the quantum beats. As we will see in
the following section, one has to use this indirect approach because the direct nonlinear
response of the 1666 cm−1 band vanishes.
Another aspect of the data is revealed by a cut along the ωpr-axis for ω = 0. which is
plotted in Fig. 5.5 for the real part of ∆A(ω, ωpr) at various temperatures. These Fourier
transform spectra single out the incoherent response of the sample and yield positive and
negative peaks related to bleach, stimulated emission and excited state absorption signals
of the individual absorption bands.55 At a temperature of T=93 K, one observes a strong
response of the anomalous amide-I band (1650 cm−1), which is considerably larger than
that of the normal amide I band (1666 cm−1). With increasing temperature, however,
the response of the 1666 cm−1 band increases and becomes the major contribution, while
that of the anomalous amide I mode decreases until it has almost vanished at 293 K.
This temperature dependence does not reflect that of the absorption spectrum shown in
Fig. 5.4. Between 280 K and 250 K the intensity of the normal amide I mode does not
change at all in the absorption spectrum, whereas the bleach signal decreases dramatically.
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In a second set of experiments, narrow band, tunable pump pulses [spectral width
14 cm−1, pulse duration 700 fs (FWHM)] were used to excite selectively each of the two
amide I bands (see Fig. 5.6 and 5.7, measured at 93 K). When exciting exclusively the
anomalous amide I band [1650 cm−1, see Fig. 5.6(b)], the difference spectra show a strong
instantaneous bleach and stimulated emission signal at the position of this band, which
recovers on a 2 ps timescale [Fig. 5.7, crossed circles]. Essentially no response of the
normal amide I band is observed. In addition, the spectrum reveals a strong positive
peak at 1644 cm−1, that is caused by excited state absorption of the anomalous band.
Pumping the normal amide I band [1666 cm−1, see Fig. 5.6(c)], on the other hand, does
not lead to any significant bleach of that band. Instead, we again observe an immediate
negative signal at the anomalous band. This negative peak is less intense than the bleach
found when pumping the anomalous band directly. The signal decays on about the same
2 ps timescale as shown in Fig. 5.7 (black circles).
Striking feature of the experimental results is the observation that we can hardly
bleach the 1666 cm−1 band at 93 K, while we can easily bleach the 1650 cm−1 band. This
is evident from the impulsive excitation experiment, which excites all lines simultaneously
[Fig. 5.5], as well as from the experiment with spectrally selective excitation [Fig. 5.6].
Only two effects can be responsible for the lack of an observable bleach signal after ex-
citing a spectroscopic state: (i) the relaxation of this state back into the ground state
is considerably faster than the time resolution of the experiment or (ii) all contributions
to the total pump-probe signal (i.e. the negative bleach and stimulated emission signal,
and the positive excited state absorption signal) cancel exactly. Possibility (ii) would be
the case when the spectroscopic state is a harmonic oscillator (see Chapter 2 and 3). In
the following, we will exclude possibility (i) in a first step and then discuss what can
be learned from possibility (ii) in the second step. As will be discussed below, the result
unambiguously proves that the 1666 cm−1 band is a delocalized state while the 1650 cm−1
band is localized, in perfect accordance with the aforementioned assignment.
Lifetime of the amide I band
A lower limit for the lifetime is obtained from the width of both amide I bands (ca.
10 cm−1), which yields T1 ≥500 fs when we assume that spectral broadening is solely due
to lifetime broadening. Given this limit, one concludes that the time resolution of the
spectrally selective experiment [Fig. 5.6], limited by the pump pulse duration [tp = 700 fs
(FWHM)], should be sufficient to at least partially resolve a possible bleach.
A much more rigorous limit for the lifetime of the 1666 cm−1 band originates from the
quantum beat experiment [Fig. 5.4(b)]. In contrast to the spectrally selective pump pulse
in Fig. 5.6, this is an impulsive experiment where the pump pulse is ultrashort (150 fs). As
seen in Fig. 5.4(b), the pump pulse excites inter-state coherences between the 1600 cm−1
band (a ring deformation of the phenyl ring, which we use as a reference state) and both
the “normal” and the anomalous amide I band. The Fourier-transform of these coherences
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Figure 5.6: (a) Absorption spectrum of ACN (93 K) in the amide I region (black line)
together with the temperature induced absorbance change upon heating the sample ().
(b) Response of the sample at 1 ps (), 10 ps (◦) and 200 ps () after selective excitation of
the self-trapped state (1650 cm−1) and (c) the free exciton state (1666 cm−1) at 93 K. The
arrows mark the position of the pump pulse (spectral width 14 cm−1).
directly resemble the absorption spectrum of the amide I band [Fig. 5.4(a)]. The decay
of the quantum beats on a 1.5 ps timescale provides a lower limit for the T1 lifetime of
both amide I states.a
The cuts along the ωpr axis with ω=0 shown in Fig. 5.5, on the other hand, select
solely the incoherent response of the system and suppress any beating structure.55 Thus,
the spectra in Fig. 5.5 consist of a negative bleach and stimulated emission signal for
each absorption band together with an excited state absorption signal shifted by the
intrinsic anharmonicity. The net response of the 1666 cm−1 band is negligibly small at
aSince inter-state dephasing processes have been neglected in Ref. 143, the decay of the quantum beats
should be considered a lower limit for the T1 relaxation time, but does not necessarily reflect population
relaxation directly.
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low temperatures (93 K). However, in contrast to the response in Fig. 5.6, which has
been measured with spectrally selective and relatively long pump pulses, the spectra in
Fig. 5.5 are obtained with ultrashort pump-pulses, providing essentially unlimited time
resolution (i.e. 150 fs). This time resolution is certainly sufficient to resolve a possible
bleach of the 1666 cm−1 band, whose lifetime has been estimated to be T1 ≥1.5 ps. As
we do not observe such a bleach signal, the only conclusion can be that the 1666 cm−1
band is almost perfectly harmonic.
To summarize this paragraph, we use the 1600 cm−1 band, rather than the ground
state, as the spectroscopic starting point to observe the lifetime of the nearby amide I
bands. We have to use this indirect approach, since the direct nonlinear response of the
normal amide I band (1666 cm−1) vanishes.
Delocalization of the free exciton
In this paragraph, we discuss the free exciton band at 1666 cm−1. For the sake of clearness,
the free exciton is viewed as isolated from any other degree of freedom of the crystal. A
vibrational exciton is described by the harmonic Hamiltonian equation 3.14. As is shown
in Chapter 3.3.3, the anharmonicity of a delocalized state, i.e. the shift of the excited state
absorption with respect to the bleach and stimulated emission, scales like the participation
ratio Pk.
Pk = −∆εkk
∆
=
∑
n
q4kn (5.2)
where the qkn are the expansion coefficients of the excitonic states |k〉 in the site-basis |n〉
(see Equ. 3.18).b
The participation ratio is a commonly used measure of delocalization of excitonic
systems.63–65 It is Pk = 1 for a perfectly localized state and Pk = 1/N for a perfectly
delocalized state, where N is the size of the aggregate. Anharmonicity of a vibrational
exciton is therefore a direct measure of its degree of delocalization. This finding can be
qualitatively explained in simple words: In a delocalized state, the oscillation amplitude
of each individual site is reduced by a factor 1/
√
N , where N is the delocalization length.
With increasing delocalization length, each site is exploring a decreasingly smaller region
of the potential energy surface, in which the harmonic approximation becomes increasingly
more accurate.
At a temperature of 93 K, the 1666 cm−1 band can be barely bleached (as evident
in Fig. 5.5 and 5.6). Since the lifetime of the excitation is long enough to make a pos-
sible bleach observable (see previous paragraph), the only conclusion then can be that
the 1666 cm−1 band is an almost perfect harmonic state. The intrinsic anharmonicity
of amide I modes, which is known from pump-probe experiments on monomeric peptide
bFor the amide I modes the site-anharmonicity obtained from pump-probe experiments on monomeric
peptide units is ∆ ≈16 cm−1,57 while nearest neighbor coupling in ACN has been estimated to be
βn,n+1 ≈ − 4cm−1.89 Hence the small anharmonicity limit is approximately valid for the amide I band,
and Equ. 5.2 can be used to estimate the degree of delocalization.
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units (∆ = 16 cm−1),57 is too large to explain complete cancellation of the different contri-
butions to the pump-probe signal. Combining both arguments, the missing bleach signal
unambiguously proves that the 1666 cm−1 band corresponds to a delocalized state, i.e. a
vibrational exciton. Only under these circumstances is the anharmonicity negligible and
cancellation of the negative bleach and stimulated emission signal and that of the positive
excited state absorption is essentially complete. As temperature increases, a bleach signal
starts to be observed [Fig. 5.5], pointing to a non-complete cancellation of the different
contributions to the total pump-probe signal. Apparently, disorder induced by thermally
excited phonons starts to localize the excitation. With the onset of a bleach signal in the
pump-probe experiment, we directly observe disorder-localization of the “normal” amide I
mode at 1666 cm−1.
The self-localized state
The anharmonicity of a self-localized vibrational state, on the other hand, has been worked
out in Ref. 144.c Its major contribution originates from the nonlinear interaction between
the amide I mode and the phonon system of the crystal (“extrinsic” anharmonicity),
which is non-zero even at low temperatures. This explains why the anomalous band at
1650 cm−1 can be bleached even at 90 K, in contrast to the free-exciton peak. With
rising temperature, the bleach of the 1650 cm−1 band diminishes as it disappears in the
absorption spectrum. Hence, the decrease of the bleach intensity does not necessarily
reflect a change of localization, but merely the intensity of the band itself.
Note that we have to distinguish carefully between two different localization effects.
While the 1650 cm−1 band self-localizes due to interaction with phonon coordinates, a
nonlinear effect that occurs even at low temperatures, the 1666 cm−1 band is delocalized
only at low enough temperatures and localizes due to temperature induced disorder of
the crystal. The second effect is a linear effect and is also known as Anderson localiza-
tion.145,146 Nevertheless, the onset of disorder-induced Anderson localization of the free
exciton is observed at about the same temperature where the intensity of the self-trapped
cIn Ref. 144, a band at 3250 cm−1 has been assigned to the first overtone of the self-trapped state at
1650 cm−1. This assignment was based on the temperature dependence of the 3250 cm−1 band, which
resembled that of the 1650 cm−1 band. In view of this assignment, one should expect to see an excited
state absorption band at about 1600 cm−1 (i.e. 3250 cm−1 − 1650 cm−1) in the pump-probe experiment
after selectively exciting the 1650 cm−1 band. While there is a small signal at this frequency position
(data not shown), the major excited state contribution emerges at 1644 cm−1 [Fig. 5.6b]. The reason
for this discrepancy is not quite clear. However, it should be mentioned that the major contribution of
anharmonicity of the self-localized state has been attributed to “extrinsic” anharmonicity in Ref. 144, i.e.
to the nonlinear coupling of the amide I mode to the phonon system. Since the phonon system needs time
to respond onto the amide I excitation, this is a dynamical process. The dynamical aspect of the problem
has been neglected in Ref. 144, since the absorption process is instantaneous, giving the phonon system
no time to relax. Therefore, it appears reasonable that the frequency of the 0-2 transition, measured in
absorption, is different from the sum of the frequencies of the 0-1 and 1-2 transitions, since there is time
for relaxation after population of the first excited state.
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state disappears. This finding suggests that both localization mechanisms are connected.
Disorder localization is due to random variation of the matrix elements of the excitonic
coupling Hamiltonian Equ. 3.14. Off-diagonal disorder (i.e. a random variation of exci-
tonic coupling elements β) would reflect displacements on the relative orientations of the
various C=O groups. However, since excitonic coupling is weak (β = −4 cm−1),89 a ran-
dom variation caused by small displacements of the ACN molecules in the crystal would
not contribute significantly to disorder localization. On the other hand, since the amide I
frequency is known to vary significantly with hydrogen bond distance (on the order of
20-30 cm−1/A˚),2,147,148 diagonal disorder (i.e. a random variation of the diagonal elements
i) is expected to dominate. As shown in Chapter 5.2, there are only few phonons in ACN,
which modulate the hydrogen bond distance.d Thermal excitation of these phonons gives
rise to disorder-induced localization of the free exciton. Since these are the phonons, which
also mediate self-trapping, thermal excitation at the same time diminishes the intensity of
the self-localized state. This is because the Franck Condon factor for excitation from the
thermally excited phonons to a self-localized state is negligible.3,87,129,130 Hence, it is the
same nonlinear interaction, namely the variation χ of the amide I excitation energy with
hydrogen bond configuration, which gives rise to two effects: (i) diagonal disorder and as
a consequence, disorder-induced localization of the free exciton with rising temperature
and (ii) self-localization at sufficiently low temperatures.
The competition between Anderson (disorder) localization and nonlinear self-localization
in the presence of disorder has been investigated in Ref. 149 for a realistic model of a globu-
lar protein. Those states that are self-localized for large enough nonlinear exciton-phonon
coupling χ are quite distinct from those that are Anderson (disorder) localized. Upon
reducing the nonlinear coupling, the self-trapped states become less localized and eventu-
ally reach bifurcation points, below which they do not exist. Surprisingly, the states that
are Anderson localized for vanishing nonlinear coupling become rapidly delocalized and
unstable as nonlinear coupling is increased just slightly.
Energy relaxation of the amide I mode
Fig. 5.7 compares the recovery of the signal from the self-trapped state (1650 cm−1) after
selective excitation of either the self-trapped state itself or the free exciton [Fig. 5.7,
crossed circles and black circles, respectively]. The signal is larger when populating the
dIn Chapter 5.2, it is shown that mainly two phonons with frequencies of 54 cm−1 and 83 cm−1 mediate
self-trapping of the NH-stretching vibration. These phonons are excited on the NH-ground state potential
surface by a stimulated impulsive Raman-like process, resonantly enhanced by the NH-vibration. The
same process should also occur after excitation of the C=O band, but is not observed experimentally.
This is explained by the smaller binding energy of the C=O self-trapped state, i.e. the smaller slope of the
excited state potential surface, which results in a significantly weaker excitation of ground state phonons.
It is nevertheless the same mechanism which modulates the C=O and NH vibrational frequency.129
Therefore, one can assume that the same phonons, which mediate self-trapping of the NH band, also
couple to the C=O band.
65
CHAPTER 5. Self-trapped states in acetanilide
- 8
- 4
0
4
1 2 3 4 1 0 1 0 0- 1
0
( b )  
2  p s
3 5  p s
 
 
Abs
orb
anc
e C
han
ge 
[mO
D]
( a )
 9 3  K
 
 
D e l a y  T i m e  [ p s ]
1 2  p s
2 9 3  K
Figure 5.7: (a) Temporal evolution at 93 K of the transient signal for probe frequencies at
the self-trapped state (1650 cm−1) after selective excitation of this state (⊕) and the free
exciton state (•). For probe frequency at the free exciton state (1666 cm−1) the transients
are independent of the pump pulse position (◦). (b) Temporal evolution st 293 K of the
signal of the free exciton (◦) and the self-trapped state (•), after excitation of the free exciton
state.
self-trapped state directly since both bleach and stimulated emission signal contribute.
When on the other hand populating the free exciton, only the bleach of the self-trapped
state plays a role, since the common ground state is depleted, while no stimulated emission
signal from the self-trapped state is expected. Both signals recover on a 2 ps timescale,
reflecting relaxation of the initially excited states. Interestingly, both signals merge only
after relaxation. This suggests that both the self-trapped state and the free exciton relax
into the same state, however, without previous equilibration (in which case both spectra
would merge previous to relaxation). However, the relaxation is not complete and a
negative signal remains. This indicates that the system does not relax back into the
initial ground state, but into a state, which is either spectroscopically dark or outside of
our spectral window. As a consequence, a ground state depletion remains, giving rise to
the observed negative signal.
The difference spectrum measured 200 ps after excitation [Figs. 5.6(b),(c)] is identical
with the stationary difference spectrum induced by temperature jump [Fig. 5.6(a), black
squares] and merely reflects dissipation of the pump pulse energy. Heating decreases
the intensity of the self-trapped state and therefore causes a bleach of this band. The
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heat signal grows in on a 35 ps timescale at 93 K [Fig. 5.7(a)]. At room temperature,
reappearance of the energy is accelerated to about 12 ps [see Fig. 5.7(b)], similar to the
time scale observed for the NH mode at room temperature [see following Chapter 5.2].
Thus the initially excited states relax in a few picoseconds into an intermediate state
(“dark state”) and the energy reappears in the form of heat only after 35 ps (12 ps). The
“dark” state most likely reflects a vibrational relaxation through different intermediate
states towards the bottom of the ν = 0 potential. Then, at 200 ps the crystal is in thermal
equilibrium at an elevated temperature.
5.1.3 Exclusion of Fermi resonances and conformational sub-
states
In this chapter the 2D-IR spectrum of crystalline acetanilide is compared with that of
two different molecular systems, which show the same doublet in the C=O stretching
band: (a) benzoylchloride, which exhibits a strong symmetric Fermi resonance and (b)
N-methylacetamide (NMA) dissolved in methanol which occurs in two spectroscopically
distinguishable solute-solvent conformations. The corresponding 2D-IR spectra differ sig-
nificantly from that of crystalline acetanilide, proving that these two alternative mecha-
nisms cannot account for the anomalous spectroscopy of crystalline acetanilide.
Figures 5.8(a)-(c) show the linear absorption spectra (top) and the 2D-IR spectra
(middle) of crystalline acetanilide (at 93 K), benzoylchloride and NMA (both at room
temperature) in the spectral region of the C=O band. Benzoylchloride has been dissolved
in chloroform (0.5 vol.%), in which case the intensity ratio of the two Fermi resonance
bands is close to one. NMA has been measured at a concentration of 70 mM in deuterated
methanol.109 The 2D-IR spectra record the absorption change of the sample as a function
of probe frequency and the center frequency of a narrow band pump pulse. Horizontal
cuts through the 2D-IR spectra [Fig. 5.8(a)-(c), bottom] along pump frequencies resonant
with each of the absorption lines highlight the nonlinear responses of the various molec-
ular systems. Although the absorption spectra all exhibit a double peak structure, the
2D-IR spectra are clearly very different, emphasizing the information gain from 2D-IR
spectroscopy (see Chapter 3.3.2 for an introduction to 2D-IR spectroscopy). In the fol-
lowing the 2D-IR spectra of the various molecular systems acetanilide, benzoylchloride,
and NMA are discussed in detail.
Crystalline acetanilide
Figure 5.8(a) shows the 2D-IR spectrum of acetanilide. In a 2D-IR spectrum, one typ-
ically observes along the diagonal for each vibrator the bleach and stimulated emission
of the ν = 0→ 1 transition as a negative signal (blue), and the ν = 1→ 2 excited state
absorption as a positive signal (red). Connectivity between two vibrational states results
in off-diagonal peaks, that are also called cross peaks. When resonantly pumping the
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anomalous band (1650 cm−1) of ACN, the band bleaches (negative response) and a posi-
tive band emerges at 1644 cm−1. This pair of peaks constitutes a diagonal peak. When
resonantly pumping the normal band (1666 cm−1), on the other hand, essentially no bleach
of the band itself is observed on the diagonal. Only the anomalous band responds with a
signal (a cross peak) which is similar in shape, but slightly smaller than when pumping it
directly. The nonlinear response is exactly the same as the one discussed in the previous
Chapter (5.1.2) and the horizontal cuts through the 2D spectrum are equivalent to the
narrow band excitation experiment shown in Fig. 5.6.
Figure 5.8(d) emphasizes the 2D-IR response with the help of a level scheme. When
resonantly pumping the self-trapped state, one observes a bleach and stimulated emission
signal at the original frequency 1650 cm−1 (blue arrows) and an excited state absorption
signal (red arrow) that is slightly red shifted to 1644 cm−1 as a result of the effective
anharmonicity of that state. When resonantly pumping the free exciton, on the other
hand, the various signals cancel exactly since the system is perfectly harmonic and the
frequency and transition strength of the excited state absorption (red arrow) matches
exactly that of stimulated emission and bleach (blue arrow). Thus self-trapping theory
can naturally explain the 2D-IR response of crystalline ACN at low temperatures.
Benzoylchloride
Based on isotope substitution and solvent variation methods,150,151 it has been established
that the double peak structure of the C=O band of benzoylchloride is the result of a
Fermi resonance between the carbonyl stretching band and an overtone of a low frequency
mode.152 When dissolved in chloroform, the Fermi resonance is almost perfect, resulting
in two peaks with about the same intensity. The 2D-IR spectrum of benzoylchloride is
complex and contains in total four resolved negative and three positive peaks [Fig. 5.8(b)].
Striking is the square pattern of the four negative peaks, two on the diagonal and two at
the corresponding off-diagonal positions. The diagonal peaks are about twice as intense
as the corresponding off-diagonal peaks [see horizontal cuts through the spectrum in
Fig 5.8(b), bottom]. In addition, two strong positive peaks at about the same probe
frequency of 1710 cm−1 are found in the 2D-IR spectrum together with a significantly
weaker positive peak on the high-frequency side.
A Fermi resonance occurs when a fundamental normal mode is accidentally resonant
with an overtone or combination of lower frequency modes and when an anharmonic term
of the potential energy surface couples them. While the discussion is here restricted to
a Fermi resonance with an overtone, it was verified that the results are essentially the
same for a Fermi resonance with a combination mode. Chapter 3.6 describes how one
can calculate the 2D-IR spectrum of a Fermi resonance between two vibrational modes.
If one considers only harmonic modes, the calculated 2D-IR spectrum [see Fig. 5.9(a)
and Fig. 3.9] clearly fails to explain the 2D-IR spectrum of benzoylchloride [Fig. 5.8(b)].
This is since the model does not yet include the intrinsic anharmonicity of the individual
vibrational oscillators.
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Figure 5.8: Absorption and 2D-IR spectra of the C=O mode of (a) the self-trapping
mechanism in acetanilide, (b) the Fermi resonance in benzoylchloride and (c)109 the two
different conformers of the solvent-solute complex of NMA dissolved in methanol. Blue colors
indicate negative, red colors positive absorption change. The contour intervals represent a
linear scale. The lower panels show horizontal cuts through the 2D-IR spectrum for pump
frequencies resonant with either of the two bands. The arrows mark the position of the
pump pulse. (d)-(f) Corresponding vibrational energy levels. Up-going blue arrows depict
bleach, down-going blue arrows stimulated emission, giving rise to negative signals. Red
arrows depict excited state absorption, giving rise to positive signals. The thickness of the
arrows reflects the transition strength.
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Figure 5.9: Calculated absorption spectrum and 2D-IR signal of the Fermi resonance of the
C=O stretching mode in benzoylchloride assuming (a) a harmonic and (b) an anharmonic
C=O vibration. The two peaks in the absorption spectra have the same intensities, since
a perfect resonance is assumed. Blue colors indicate negative absorption change, red colors
positive absorption change. The Fermi coupling and the unperturbed frequencies are set to
account for the experimentally observed splitting
The anharmonicity of the low frequency mode is neglected, since such low frequency
modes are expected to be delocalized over the whole molecule, in which case its anhar-
monicity is small.153 However the anharmonicity of the C=O mode should be included. A
Fermi resonance of an anharmonic mode is described by the Hamiltonian Equ. 3.57, which
is diagonalized numerically, assuming a perfect Fermi resonance with Ω1 −∆1 = 2Ω2. The
Fermi coupling is set to δ = 40 cm−1 to account for the experimentally observed splitting.
For the intrinsic anharmonicity 2∆1 = 16 cm
−1 is used, which is a typical value for C=O
modes.57 By construct the linear absorption spectrum [Fig 5.9(b), top], is the same as in
the harmonic case. However, the 2D IR spectrum is different and now in good agreement
with the experimental result [Fig. 5.9(b) and Fig. 5.8(b)].
The negative peaks (blue) represent bleach and stimulated emission from the one-
exciton states [see Fig. 5.8(e)]. Stimulated emission signals can occur only when the
corresponding state is resonantly populated (diagonal peak). The bleach signal, on the
other hand, is observed for both states, since the common ground state is depleted (diago-
nal and off-diagonal peak). This explains the prominent square pattern in Fig. 5.8(b) and
Fig. 5.9(b) with the diagonal peaks being twice as strong as the (negative) off-diagonal
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Figure 5.10: Absorption spectrum (top) of the Fermi resonances of the C=O mode in
(a) furanone and (b) cyclopentanone, both dissolved in acetonitrile. The lower panels show
cuts through the 2D-IR spectrum for pump frequencies resonant with the absorption bands.
The arrows mark the position of the pump pulse. The 2D-IR spectra match that of ben-
zoylchloride, shown in Fig. 5.8(b).
peaks. The excited state absorption appears as a positive (red) signal. The intensities
of the transitions to the three upper states, which are in principle all allowed, are sig-
nificantly different [depicted by the thickness of the arrows in Fig. 5.8(e)]. One expects
to observe one strong excited state absorption band from each of the one-exciton states
(intensities: ≈ 0.86|µ|2), causing the two strong red peaks in the low-frequency part of
the 2D-IR spectrum. Two of the weaker transitions (intensities: ≈ 0.6|µ|2) can be seen
as well, which however are overlaid by the stronger negative bands. The third pair of
transitions carries only negligible oscillator strength, and is not seen the 2D-IR spectra.
In conclusion it has been shown that one can very well understand the 2D-IR spec-
trum of benzoylchloride by a simple Fermi resonance model. One observes very similar
2D-IR spectra for the C=O modes in cyclopentanone, cyclohexen-1-one and furanone,
which all exhibit a well characterized Fermi resonances.152,154–156 Compared to ben-
zoylchloride, furanone exhibits a more asymmetric and cyclopentanone a weaker Fermi
resonance [Figs. 5.10(a),(b), top panel]. Cuts through the 2D-IR spectrum, at pump fre-
quencies resonant with the absorption bands, match the 2D-IR spectrum of benzoylchlo-
ride [Figs. 5.10(a),(b) and Fig. 5.8(b)]. Thus the observed pattern is not specific for
benzoylchloride, but appears to be a general signature of a Fermi resonance of a C=O
mode. If the reason for the splitting of the amide-I band in ACN were a Fermi resonance,
as proposed in Ref. 102, the 2D-IR response of ACN [Fig. 5.8(a)] would look similar to
Fig. 5.8(b), which clearly is not the case.
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N-Methylacetamide in methanol
The absorption spectrum of NMA in methanol [Fig. 5.8(c)] exhibits a double peak, which
has been explained by an equilibrium between two solute-solvent conformations. The
equilibrium constant is close to unity and the peak at 1630 cm−1 represent NMA molecules
whose C=O groups are hydrogen bonded to surrounding methanol molecules while the
peak at 1650 cm−1 represent NMA molecules which are free at the C=O group. Hydrogen
bonding leads to a red shift of the amide-I band of about 20 cm−1, which explains the
two different frequencies of the two sub-states. This interpretation has been verified by
Woutersen et. al.109 with extensive solvent dilution experiments, MD simulations, and
time-dependent 2D-IR spectroscopy.
The 2D-IR spectrum of NMA in methanol, taken from Ref. 109, is shown in Fig. 5.8(c).
The spectrum features two strong peaks on the diagonal, but does not show any evidence
of a cross peak. This is highlighted in the horizontal cuts through the 2D-IR spectrum,
each of which shows one negative and one positive peak, which is exactly the response one
expects for an isolated, slightly anharmonic vibrator [see Chapter 3.2]. The negative signal
corresponds to stimulated emission and bleach, while the positive signal corresponds to
the excited state absorption which is slightly red shifted due to the intrinsic anharmonicity
of the C=O mode. The response of both states is essentially identical. The lack of cross
peaks indicates that the two states do not share any common ground state [see Fig. 5.8(f)].
In contrast to the Fermi resonance case, a bleach signal is observed only for that state
which is directly excited by the pump pulse. Hence, the two peaks correspond to two
completely independent oscillators which do not take any notice of each other, just as
one expects for the case of two different solute-solvent configurations. In contrast, the
2D-IR spectrum of ACN [Fig. 5.8(a)] exhibits distinctively different 2D-IR signals for
both amide-I sub-band as well as a coupling between both (revealed by the cross peak).
This 2D-IR signature is not consistent with the existence of two conformational sub-states
within the crystal.
5.1.4 Conclusion
The nature of the double peak, that one observes in the amide I band of crystalline ACN,
was studied in detail at different temperatures. From the distinctively different nonlin-
ear responses of both sub-bands, in particular their harmonicity and anharmonicity [see
Fig. 5.6] the normal peak (1666 cm−1) is assigned to a free exciton, while the anomalous
peak (1650 cm−1) is assigned to a self-trapped state. The change in anharmonicity of
the free exciton shows that it is a perfectly delocalized state at low temperatures, that
disorder-localizes (Anderson localization) with increasing temperatures. The self-trapped
state, on the other hand, originates from a nonlinear coupling between vibrational excitons
and lattice phonons, which is mediated through the hydrogen bonds and is nonzero even
at low temperatures. With rising temperatures thermal disorder destroys self-trapping
and the bleach of the 1650 cm−1 band diminishes as it simultaneously disappears in the
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absorption spectrum. The assignment of the two amide I sub-bands to a self-trapped
state and a free exciton confirms earlier, more indirect work, that was based solely on the
temperature dependent intensities of both bands.2,3,87,129,130
Previously, two alternative explanations for the anomalous temperature dependence of
the amide I band were proposed: Fermi resonance and conformational substates. In this
thesis, the 2D-IR spectrum of ACN is compared to that of two molecular systems, which
show the same splitting of the C=O band in the linear absorption spectrum as ACN, and
which are chosen as simple representatives of the two alternative mechanisms. The three
2D-IR spectra differ completely, albeit in a well understood way. Based on the 2D-IR
spectroscopic signature, a Fermi resonance or conformational sub-states can definitely be
excluded as alternative explanations for the anomalous spectra of ACN. Self-trapping of
the C=O mode, on the other hand, can naturally explain the observed 2D-IR spectrum of
ACN. The work demonstrates how nonlinear 2D-IR spectroscopy can clearly distinguish
between different anharmonic effects in way that is not possible with linear absorption
spectroscopy. Here this capability of 2D-IR spectroscopy was applied to finally resolve
the origin of the anomalous absorption spectrum of crystalline ACN.
However the self-trapping theory is not yet entirely understood. It bas been previously
shown that a diagonalization of the polaron Hamiltonian, using a perturbative expansion
for the excitonic term, reveals correctly the temperature dependence of the self-trapped
amide I mode. However at the same time a diagonalization of the Hamiltonian fails to
reproduce the existence of the free exciton state. In fact, the free exciton is introduced in a
purely phenomenological way by an additional potential energy surface. Even though this
approach is in full agreement with the pump-probe experiments, it is so far not justified
by the polaron Hamiltonian. This failure might be due to the fact that self-trapping
theory of ACN is based on a single one-dimensional hydrogen bonded chain. In case of a
one-dimensional problem one expects a barrier-less self-trapping process.157 In contrast,
in three dimensions the free exciton is meta-stable and self-trapping has to overcome
a barrier. Clearly ACN is not a true one-dimensional system. It is one-dimensional
regarding the hydrogen bonded chains and the orientation of the amide I dipole moments
that are all aligned in parallel. However there is no reason to assume that the inter-
chain excitonic coupling is significantly smaller than the intra-chain excitonic coupling
that causes the formation of the vibrational exciton. Including the inter-chain coupling
leads to a three-dimensional theory, which would be more adequate to describe ACN.
It has been shown that a numerical diagonalization of such a multidimensional polaron
Hamiltonian is in principle possible.90 In three dimensions the theory might reproduce
the absorption spectrum of the free exciton.
In any case, self-trapping theory can naturally explain the observed pump-probe spec-
tra of the amide I mode in ACN, while 2D-IR spectroscopy rules out alternative expla-
nations, suggested in the literature. Thus the experiments prove unambiguously that
vibrational self-trapping in hydrogen-bonded peptide units exists.
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5.2 The NH stretching band
The NH mode of ACN is weakly temperature dependent and consists of a main peak
at 3295 cm−1, which is accompanied by a series of almost equally spaced satellite peaks
at lower frequencies [see e.g. Fig. 5.12(a) or Fig. 6.2(a)]. This very peculiar bandshape
was explained by the same self-trapping mechanism as the splitting in the amide I band
of ACN [see Chapter 3.5.3]. Self-trapping is mediated by hydrogen bonds, which induce
a coupling between vibrational excitations of the NH mode and low frequency phonons.
According to this interpretation the main peak (the one with the highest frequency)
corresponds to a free exciton, while the sidebands reflect self-trapped states.87 Indeed,
the main peak shows a small Davydov splitting [Fig. 6.2(e)] which indicates that the band
corresponds to a delocalized state, i.e. a free exciton state. The nonlinearity induced by
the hydrogen bonds and hence the exciton-phonon coupling and the binding energy EBD
of the self-trapped state are significantly larger for the NH mode than for the amide I
mode [see Fig. 5.2]. As a consequence, self-trapping occurs in the NH band even at room
temperatures. In fact, the binding energy EBD amounts to more than three phonon quanta
in case of the NH band, whereas it is smaller than one phonon quantum for the amide I
mode. Therefore, one observes a “Franck-Condon-like” progression in the absorption
spectrum of the NH mode, consisting of one vibrational excitation plus several quanta of
phonon excitation. Previously it was assumed that all nine sidebands correspond to self-
trapped states.2,61,87,129,138 However, in Chapter 6 the absorption spectrum is analyzed
in detail and it is shown that only the first four peaks correspond to self-trapped states,
while the other peaks have to be attributed to different origins, such as CH modes. In
the following broad-band femtosecond pulses, as well as frequency selective narrow-band
pulses are used to excite the different sub-levels of the NH band in order to study the
self-trapping mechanism in detail.
5.2.1 Impulsive excitation: Phonon modes mediate self-trapping
Broadband pump pulses [bandwidth: 200 cm−1, pulse duration: 130 fs (FWHM)] were
used to impulsively excite a section of the absorption spectrum, which includes the NH
main peak and the first three satellite peaks. As a representative example, Fig. 5.11
shows the transient response for a probe frequency of 3200 cm−1. At delay time zero,
the signal is strongly influenced by cross phase modulation, caused by Kerr nonlinearities
of the crystal and the CaF2 windows of the sample cell. Hence, the discussion of the
data is restricted to delay times >300 fs only, when temporal overlap of pump and probe
pulse is essentially over. The striking feature of the data is strong oscillations, which
persist at 77 K up to 14 ps. With increasing temperature, the oscillations decay faster
and their amplitude decreases. A spectral analysis of the beating structure is obtained
from the Fourier transformation of the transient response by Equ. 5.1. The absolute
value spectrum |∆A(ω, ωpr)| is shown in Fig. 5.12 as a 2D plot for 293 K and 77 K. The
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Figure 5.11: Transient response of the NH band of ACN after impulsive excitation for
a probe frequency (3200 cm−1) which coincides with one of the self-trapped states. The
temperature is varied from 77 K to 293 K.
probe frequency ωpr is plotted along the x-axis and the frequency ω, which is revealed by
Fourier transformation, along the y-axis. The 2D plot for 77 K shows clearly two major
frequency components at 54 cm−1 and 83 cm−1. The oscillations reach their maxima at
probe frequencies which correspond to the peaks of the NH absorption band. Vertical cuts
through the spectra at the position of the satellite peaks are shown in Fig. 5.12(c),(f).
Comparison between low and high temperature data reveals clearly that the frequencies
of the two major oscillations decrease to 48 cm−1 and 76 cm−1 at 293K. In Fig. 5.13, the
frequencies of the two major modes are plotted against temperature and compared with
the frequencies of the phonon modes in the low frequency Raman spectrum (the latter
taken from Johnston et al.158).
The impulsive excitation with an ultrafast laser pulse may result in the creation of
vibrational wavepackets, which give rise to oscillations in the pump-probe signal. Prin-
cipally speaking, two different generation mechanisms of such wavepackets are possible:
(i) Impulsive absorption, yielding a wavepacket in the excited state, in which case the
beating frequency should represent the energy separation between (coupled) states in the
spectrum. This is the type of wavepacket discussed in Chapters 2 and 5.1.2. (ii) A Raman-
like process resulting in a ground state wavepacket, giving rise to phonon excitation, in
which case one expects the beating frequency to match one of the low frequency phonon
modes of the molecule. Impulsive absorption and Raman-like excitation are expected to
occur simultaneously with probabilities that are given by the Franck-Condon factors of
the individual transitions.
Two observations are used as an argument to assign the beatings in the pump-probe
signal of ACN to a ground state wavepacket. (i) The lifetime of the excited state [400 fs,
see Figure 5.14(a)] is too short to support an excited state wavepacket that persists for
many picoseconds. This discrepancy becomes even more pronounced at low temperatures,
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Figure 5.12: (a),(b) Absorption spectra of crystalline ACN, showing the NH band for
293 K and 77 K. (d),(e) 2D-plot of the absolute value of the Fourier transformation of the
transient pump-probe signal after impulsive excitation. ωpr is the frequency of the probe
pulse and ω results from the Fourier transformation of the pump-probe signal with respect
to delay time tpu,pr between pump and probe pulses. (c),(f) Vertical cuts trough the 2D
spectrum at frequencies corresponding to the satellite peaks.
where the coherence decay time increases significantly [see Fig. 5.11], while the excited
state lifetime stays about the same [600 fs, see Fig. 5.14(c)]. (ii) At room temperature,
the frequency of the quantum beats does not fit the frequency spacings in the absorption
spectrum, which would be what is expected for an excited state wave packet. To be
more precise, at a probe frequency resonant with a particular sub-level, one expects to
observe a beating frequency which reflects the energy splitting between this state and
adjacent states which share the common ground state.143 When taking the main peak as
an example (3295 cm−1), this could be a beating frequency of 35 cm−1, 65 cm−1, 100 cm−1
(i.e. 35 cm−1 + 65 cm−1), etc. The sharp bands at 48 cm−1 and 76 cm−1 clearly do not fit
into this scheme. At lower temperatures, however, the beating frequency increase slightly
and the absorption spectrum becomes more structured, so that the 54 cm−1 beating
frequency in fact matches the frequency spacing between the 3198 cm−1 band (the second
satellite peak) and the 3252 cm−1 band (the first overtone of the amide I) at 77 K.
Nevertheless the interpretation of a ground state wavepacket is validated by the tem-
perature dependence of the beating frequency of the two major components [Fig. 5.13].
In the case of a ground state wave packet, the temperature dependence of the beating fre-
quencies should match that of certain Raman modes. The low frequency Raman spectrum
of ACN has been the subject of several studies2,158–160 and contains a total of 24 Raman
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Figure 5.13: Temperature dependence of the low frequency Raman modes (◦) in ACN,
taken from Johnston et al.,158 and of the beating frequencies observed in the pump-probe
experiment (•). The temperature dependence of the beating frequencies matches perfectly
that of two Raman modes.
active modes. In Fig. 5.13, the temperature dependence of the beating frequency is com-
pared with that of the Raman-active phonons of the crystal and one finds an excellent
agreement. Furthermore, the line width of the phonon modes narrows,158 in agreement
with the Fourier transform spectra in Figs. 5.12(c),(f). Hence, we conclude that the beat-
ings in the pump-probe signal reflect a coherent excitation of two distinct phonons in the
NH-ground state.
Interestingly the pump-probe experiment selectively excites just 2 out of 24 Raman-
active phonons. In the present experiment, the phonons are excited by a stimulated
impulsive Raman process, which is resonantly enhanced by the NH absorption band.
Such a process is only possible if the respective Raman modes are coupled to the NH
excitation. In the representation of Fig. 5.2, such a coupling gives rise to a shift of the
potential energy surfaces, i.e. it renders the phonon to be “Franck-Condon” active. In
other words, the coupling observed in the pump-probe experiment is precisely the same
as the one that is responsible for self-trapping. Combining these arguments, we conclude
that the phonons we observe in the pump-probe experiment are indeed the phonons that
mediate self-trapping. In order to be “resonant Raman active”, the lattice deformation
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Figure 5.14: (a) Temporal evolution of the transient signal after selective excitation of the
free exciton peak for probe frequencies at the red wing (3280 cm−1, •), center (3295 cm−1, ◦)
and blue wing (3303 cm−1, ∗) of the main NH band. (b) Temporal evolution of the
self-trapped state at 3195 cm−1 after selectively pumping at the same frequency position.
(c) Temporal evolution of the free exciton at 77 K after selectively pumping at the same
frequency position (3286 cm−1).
has to lower the total hydrogen bond energy by an overall shortening of the hydrogen
bond distances. This would be, for example, a torsion of the tilted ACN molecules,
straightening the hydrogen bond chain.
Deuterated ACN
Fully C-deuterated ACN (ACN-D8) is structurally almost identical to ACN and forms
the same type of hydrogen bonded crystals. Therefore ACN-D8 should also exhibit self-
trapping. The NH band of ACN-D8 consists, just as ACN, of a main band, accompanied
by a sequence of satellite peaks [see Fig. 6.2(b)]. The transient pump-probe signal of
ACN-D8 shows a striking beating pattern [Fig. 5.15], similar to ACN. The Fourier trans-
form spectrum contains two frequency components, a sharp peak at 47 cm−1 and a broad
peak at about 80 cm−1. Since the molecular weight of ACN-D8 is comparable to ACN one
indeed expects to excite the same phonons with similar frequencies. The comparison with
the splittings in the absorption spectrum rules out an excited state wavepacket. Raman
spectra of fully deuterated ACN show that the spectra below 60 cm−1 do not change
much upon deuteration and contain a distinct mode at about 50 cm−1 and a broad band
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Figure 5.15: (a) Transient signal of the main peak in the NH band of ACN-D8 after
impulsive excitation for a probe frequency which coincides with the free exciton, showing
pronounced oscillations. (b) The Fourier transform spectra shows a sharp band at 47 cm−1
and a broad band at 80 cm−1.
between 60 cm−1 and 100 cm−1.131 Consequently the oscillations are assigned to a ground
state wavepacket, using the same arguments as in the previous paragraph. This is a direct
proof that the NH mode in ACN-D8 is coupled to low frequency phonons.
5.2.2 Selective excitation: Dynamics of the self-trapped states
In a second set of experiments, narrow band, tunable pump pulses [bandwidth: 30 cm−1,
pulse duration: 250 fs (FWHM)] were used to selectively excite individual sub-levels of
the NH band. Figure 5.16(b)-(d) shows the response of the sample after excitation of
self-trapped states (at 3137 cm−1 and 3195 cm−1, respectively) and of the free-exciton
peak (3295 cm−1) for delay times of 0.4 ps, 4 ps and 100 ps. The system equilibrates
rapidly on a ps time scale, resulting in spectra which do not depend on pump frequency
after a delay time of 4 ps [Figs. 5.16(b)-(d), white circles]. However, on the sub-picosecond
time scale the free-exciton and the lower lying self-trapped states behave distinctly dif-
ferent [Figs. 5.16(b)-(d), black circles]. When exciting the free-exciton [Fig. 5.14(d)], a
strong bleach and stimulated emission signal is observed, which recovers on a 400±100 fs
time scale, representing the free-exciton lifetime [Fig. 5.14(a), white circles]. Simultane-
ously, population is transferred into lower lying self-trapped states, giving rise to negative
peaks that are larger in the 400 fs spectrum than in the 4 ps spectrum. This can be
seen after subtracting a broad positive background, reflecting anharmonically red shifted
ν = 1→ ν = 2 excited state absorption of the free exciton. On the other hand, when
pumping one of the self-trapped states directly [Fig. 5.16(b),(c)], population in-between
all self-trapped states equilibrates essentially instantaneously, yielding an additional neg-
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Figure 5.16: (a) Part of the NH band of crystalline ACN (black line, 293 K) together with
the temperature induced absorbance change upon heating of 3 ◦C (∗). (b-d) Response at
293 K of the sample upon selective excitation of (b) the self-trapped states at 3137 cm−1
and (c) at 3195 cm−1 and (d) the free exciton peak for delay times of 400 fs (•), 4 ps (◦)
and 100 ps (∗), respectively. The position of the narrow band pump pulse [spectral width
30 cm−1 (FWHM)] is indicated by the arrow.
ative signal of all of these states in the 400 fs spectrum, which is almost independent
on which state has been pumped. However, the free-exciton peak is not back-populated.
This is a direct observation of ultrafast self-trapping: Excitation of the free-exciton leads
to an irreversible population of self-trapped states. Since a back-transfer would require
restoration of phonon coordinates, it does not occur even though it would be possible
energetically within kT .
The subsequent, slower relaxation process is very similar to that observed for the
amide I band [Chapter 5.1.2]. The difference spectra measured 100 ps after excita-
tion [Fig. 5.16(b)-(d), stars] and that induced by a stationary temperature increase
[Fig. 5.16(a), stars] are essentially identical. Hence, we conclude that the 100 ps spectra
merely mirror the temperature jump induced by the intense pump pulse, and the bleach
of the 3137 cm−1, 3195 cm−1 and 3260 cm−1 band reflects a weakening of the self-trapping
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mechanism,87,130 rather than excitation of these states. Again, the free-exciton peak re-
sponds in a distinctively different way to such a temperature jump. Rather than a bleach,
a shift towards a higher frequency is found which occurs on a relatively slow 18±3 ps time
scale (i.e. a negative signal at the red side and a positive signal at the blue side of the band,
see Fig. 5.14(a) black circles and stars). Such a blue shift is a well known phenomenon
for hydrogen bonded systems:161 As a consequence of the anharmonicity of the hydrogen
bond potential, the average hydrogen bond distance increases with excitation of those
modes, which modulate the hydrogen bond distance. Since the frequency of the NH vi-
bration depends on the hydrogen bond distance,66 the position of the free-exciton peak is
a measure of the excitation of these modes, or, after thermalization, a measure of temper-
ature, respectively. Furthermore, as these modes modulate the NH absorption frequency,
they must be the “resonance Raman active” phonons. Owing to the large displacement of
the potential surface along the phonon coordinates, corresponding to a binding energy of
≈200 cm−1, the phonons are certainly excited directly upon relaxation of the system into
the ground state, rather than delayed through indirect channels. Hence, combining both
arguments, we conclude that the appearance of the blue shift within 18± 3 ps mirrors
ground state recovery.
Interestingly, the lifetime of the initially excited states is much shorter than the
18±3 ps ground state recovery. This is directly evident for the free-exciton peak with
a bleach recovery time of 400±100 fs [Fig. 5.14(a), white circles]. The self-trapped states
equilibrate very quickly on a time scale which is in the same order as the time resolu-
tion of the experiment. These fast relaxation and equilibration times are in agreement
with the absence of excited state wave packets. Besides, they are still consistent with the
bandwidth of the sub-levels (i.e. ≥ (1/2pi)∆ω) . The initially excited self-trapped states
relax on a 1.0±0.3 ps time scale [Fig. 5.14(b)] into states, that are either outside of our
frequency window or spectroscopically dark, and return back to the ground state with a
time scale of 18±3 ps. At this point, we can only speculate on the nature of these states.
However, one possibility is a relaxation through different intermediate states towards the
bottom of the hot ν = 0 state.
5.2.3 Conclusion
The NH band consist of a main peak and a sequence of satellite peaks, which correspond
to a free exciton and a series of self-trapped states. Upon frequency selective excitation,
the free-exciton and the lower lying self-trapped states behave distinctly different on a
sub-picosecond time scale. When exciting the free-exciton [Fig. 5.16(d)], a strong bleach
and stimulated emission signal is observed which recovers on a 400 fs time scale. Simulta-
neously, population is transferred into lower lying self-trapped states. On the other hand,
when pumping one of the self-trapped states directly [Fig. 5.16(b)], population within
all self-trapped states equilibrates essentially instantaneously, but the free exciton peak
is not back-populated. This is a direct observation of ultrafast self-trapping: Excitation
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of the free-exciton leads to an irreversible population of self-trapped states, but not vice
versa.
The transient absorbance change signal of the NH mode in ACN shows, upon impulsive
excitation, pronounced oscillations that persist up to about 14 ps. The oscillations contain
two distinct frequency components whose temperature dependence and frequencies match
perfectly with two phonon bands in the non-resonant electronic Raman spectrum of ACN.
Therefore, the beating structure is assigned to ground state phonon wavepackets. The
wavepackets are excited through a stimulated impulsive Raman effect, which is resonantly
enhanced by the NH absorption band as a consequence of anharmonic coupling to lattice
phonons. These phonons modulate the hydrogen bond distance and are thus the phonons
that mediate self-trapping.
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6 Comparison between acetanilide
xxxand N-methylacetamide∗
Compelling evidence for vibrational self-trapping in hydrogen bonded systems has so far
only been gathered for crystalline ACN. However, the self-trapping mechanism, described
in Chapter 3.5 is expected to be generic, and should occur in any crystal with quasi-one-
dimensional hydrogen bonds. In particular one expects to observe it in N-methylacetamide
(CH3–CONH–CH3, NMA), which is often regarded to be the model compound for pep-
tides and proteins. Both crystals, ACN and NMA, have an orthorhombic structure and
consist of quasi-one-dimensional chains of hydrogen-bonded peptide units with structural
properties that are similar to those of α-helices [Fig. 6.1 and Fig. 5.1].76,77 Nevertheless,
no convincing experimental evidence for self-trapping in NMA has been found so far.
This chapter follows the strategy to transfer the knowledge gathered for ACN, for which
vibrational self-trapping is clear and by now well established, to NMA. To this end one
compares the infrared absorption and the pump-probe spectra of the amide I and NH
mode of four different hydrogen-bonded crystals: ACN, ACN-D8, NMA and deuterated
NMA (CD3–CONH–CD3, NMA-D6). It will be shown that certain nonlinear spectro-
scopic fingerprints appear in comparable ways for all four molecules, from which one can
conclude that the mechanism giving rise to the complex band shape of the NH and CO
mode of all four crystals has the same origin.
6.1 Absorption spectrum
Figures 6.2(a)-(h) shows the absorption spectra in the spectral range of the NH mode
of crystalline ACN, ACN-D8, NMA and NMA-D6 at high (250 K and 220 K) and low
temperatures (≈30 K). Since the spectra are congested we will first discuss the contri-
butions from other but the NH stretching band. We can identify CH stretching modes
by comparing the C-deuterated with the non-deuterated compounds. Figure 6.2 shows
that the CH modes appear around 3000 cm−1 (ACN 3005 cm−1, 3042 cm−1, 3058 cm−1,
3118 cm−1; NMA 2995 cm−1, 2993 cm−1). Another peak, which is not part of the NH
band, is labelled with “A” in the ACN spectrum [see Fig. 6.2(e)] and has been assigned
∗The work presented in this chapter has been published in:
J. Edler and P. Hamm, Spectral response of crystalline acetanilide and N-methylacetamide: Vibrational
self-trapping in hydrogen-bonded crystals, Phys. Rev. B, 69(21), 214301, (2004).
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Figure 6.1: (a) Projection of the unit cell of crystalline NMA, which contains four
molecules, in the ac plane (below phase transition, 303 K). Full bonds, molecules in the
plane b/4; broken bonds, molecules in the plane 3b/4. The grey lines depict the two hydro-
gen bonded chains, that run through a unit cell. Taken from Katz and Post.77(b) Compar-
ison between the structures of crystalline ACN and NMA. Both systems contain quasi-one-
dimensional hydrogen bonded chains.
previously to an overtone of the amide I mode.144 All spectra show a strong polarization
dependence and most bands are only observed when the E vector is oriented parallel
to the NH groups.110,112 Only the bands B and B′ in the spectra of ACN and ACN-D8
(ACN 2860 cm−1, 2925 cm−1; ACN-D8 2860 cm−1, 2913 cm−1) show hardly any polariza-
tion dependence, and hence are attributed to overtone/combination modes of unknown
origin.
If one combines the above observations and takes only the peaks into account that
can be assigned to the NH band, one realizes that all four molecules exhibits an NH band
which consists of a main band accompanied by a series of almost equidistant satellite
peaks towards lower frequencies. The spacing between the satellite peaks is ≈60 cm−1 for
ACN and ≈70 cm−1 for ACN-D8. In NMA, the separation between the satellite peaks
is about three times larger. The satellite peaks in NMA and NMA-D6 further split into
doublets at low temperatures [Figs. 6.2(g),(h)]. This splitting has been observed before
and is of unclear origin.162–164 In ACN the NH main peak at 3295 cm−1 is observed both
in the parallel and in the perpendicular measurement, however, with a relative shift of
11 cm−1 [Fig. 6.2(a)]. The shift corresponds to the Davydov splitting, indicating that the
main peak originates from a delocalized state, i.e. a free exciton state.110
Previous works have started from the assumption that the NH spectrum of ACN
contains nine satellite peaks.61,87,2,129,138 However, given the polarization dependence and
the comparison with ACN-D8, one must conclude that only the highest four satellite peaks
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Figure 6.2: IR spectrum of the NH band of ACN, ACN-D8, NMA and NMA-D6 at high
temperatures (a-d) and at low temperatures (e-h). All four crystals show similar band
shapes, consisting of a main peak and a sequence of three to four satellite peaks. The CH
modes, the amide I overtone (A) and the B modes are not part of the NH mode. The thick
lines are for parallel polarization of the IR light with respect to the hydrogen bonded chain
and the thin lines for perpendicular polarization (in ACN the b and c axes and in NMA the
a and c axes). For NMA-D6 the perpendicular spectra is magnified by a factor of 10. The
self-trapped states are marked by black bars and the free exciton peak by FE.
are “real” (i.e. belong to the NH band), while the lower frequency part of the spectrum
is perturbed by CH vibrations and weak overtones and/or combination modes.
Figures 6.3(a),(b) shows the absorption spectra of the amide I mode of ACN and
NMA at different temperatures. As described before, an “anomalous” band appears
at 1650 cm−1 in ACN with decreasing temperatures. The “normal” amide I band, on
the other hand, splits into three subbands and decreases in intensity at low tempera-
tures.2,89,165 Interestingly, we also observe a temperature dependent side band in the
amide I spectrum of NMA at 1634 cm−1, whose separation from the main band, however,
is about three times smaller than in ACN.
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6.2 Nonlinear response
In this section we selectively excite the main peak and the satellite peaks in the NH spec-
trum of ACN and NMA using narrow band, tunable pump pulses [see Fig. 6.4]. For ACN
we have discussed this response in detail in Chapter 5.2.2. In brief, the response of the
free exciton state, which is, in case of ACN, the peak with the strongest intensity and
the highest frequency, differs distinctively from that of the self-trapped states. Immedi-
ately after pumping the free exciton [Fig. 6.4(d)], a strong bleach and stimulated emission
signal is observed at the position of that peak. Simultaneously negative signals appear
at the position of the self-trapped states. On the other hand, when exciting one of the
self-trapped states directly [Fig. 6.4(g)], we observe negative signals at the position of all
self-trapped states, but not at the position of the free exciton.
Interestingly, a similar signal is also found in the pump-probe response of NMA and
NMA-D6, except that the free exciton no longer relates to the peak with the highest
intensity, but to a shoulder on the high-frequency side (marked with “FE” in Figs. 6.2
and 6.4). Also this band shows a Davydov splitting between the parallel and perpendic-
ular spectrum, an indication for a delocalized state [Fig. 6.2(h)]. Both in NMA and in
NMA-D6, a bleach of all bands is observed when the pump pulse is resonant with that
shoulder, and the signal at the shoulder band decays on an ultrafast timescale comparable
to the free exciton band in ACN [Fig. 6.5 and Fig. 5.14]. A direct excitation of one of the
satellite peaks, on the other hand, reveals negative signals for all bands except for that
shoulder, just as an excitation of a self-trapped state in ACN. In conclusion we observed
also in NMA two different types of states, whose nonlinear response matches the free
exciton and the self-trapped state in ACN.
In case of NMA and NMA-D6 oscillations in the pump-probe signal are, in contrast
to ACN and ACN-D8 not observed. In ACN and ACN-D8 such beating pattern identifies
the phonons that mediate self-trapping (see Chapter 5.2.1). Since the splitting between
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Figure 6.3: IR spectrum of the amide I band of crystalline (a) ACN and (b) NMA at three
different temperatures. The vertical line marks the position of the temperature dependent
sideband. The IR light was polarized parallel to the hydrogen bonded chain.
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Figure 6.4: Sections of the NH band of (a) ACN, (b) NMA-D6 and (c) NMA. Pump-probe
response after selective excitation of the free exciton state (d,e,f) and of the second self-
trapped states (g,h,i) for 400 fs (•) and 4 ps (◦) delay times between the pump and the
probe pulse. The arrows indicate the position of the narrow band pump pulse. All three
molecules show qualitatively similar responses.
the satellite states is about three times larger in NMA than in ACN [Fig. 6.2(a-d)], one
expects that the frequency of the corresponding phonon modes is larger by about the
same factor. Part of this difference might be explained by the smaller mass of NMA. Such
a high frequency mode would be at the detection limit of our setup, which is determined
by the IR pulses duration. Technical improvements, i.e. pulse compression techniques,
might make it possible to uncover these modes in the future. It could be also possible that
the lifetime of the phonons in NMA are significantly shorter than in ACN, as suggested
by the broader Raman lines,162 and that they are thus much harder to detect.
6.3 Conclusion
In the case of crystalline ACN, it has been established in Chapter 5 that the signatures
in the CO and NH spectra are an indication of vibrational self-trapping. The spectral
appearance of ACN is very special, with probably the clearest manifestation of vibra-
tional self-trapping. Nevertheless the spectral response of crystalline NMA shows striking
similarities, from which one concludes that the mechanism behind the complicated band
shapes is the same in both cases. For both, crystalline ACN and NMA, one observes (i) a
temperature dependent amide I mode, (ii) a sequence of satellite peaks in the NH band
and (iii) two different types of states in the pump-probe signal of the NH mode, reflecting
a free exciton and a self-trapped state. This findings suggest that the sequence of satellite
peaks in the absorption spectrum of the NH mode in NMA corresponds to self-trapped
states. Hence, one can speculate that self-trapping is not a unique property of crystalline
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Figure 6.5: Transient signal of NMA after selective excitation of the free exciton peak of
the NH band. The signal recovers on a 1 ps timescale.
ACN, but a general phenomenon in hydrogen-bonded crystals. This is indeed expected
since the theory behind vibrational self-trapping is rather general. It essentially only de-
pends on two coupling parameters, the exciton coupling and the exciton-phonon coupling,
which are expected to be similar in crystals of comparable structure.
Previously the first two satellite peaks in the NH band of NMA (3100 cm−1 and
3250 cm−1) have been assigned to a Fermi resonance with the amide II mode and were
referred to as amide A and B modes.166,167 The remaining bands in the sequence of satellite
peaks (2650 cm−1 and 2900 cm−1) have been interpreted as Fermi resonances with the
overtone of the amide III band and a combination mode of amide II + amide III.168 The
Fermi resonance interpretation for the NH band in NMA has been questioned frequently in
the literature.112,162,169,170 Temperature dependent infrared and Raman studies on NMA
and various isotopic species showed that a simple Fermi interpretation can not account for
the two intense peaks in NMA. The present work provides strong evidence that vibrational
self-trapping at least contributes to the peculiar line shape of NMA. The Fermi resonance
picture completely ignores the effect of hydrogen bonding on the NH mode. It is well
known that the NH mode in hydrogen-bonded systems strongly couples to low frequency
vibrations of the hydrogen bond itself.66,67 Both coupling mechanisms, Fermi resonance
and coupling to low frequency modes, can coexist in a hydrogen-bonded system and
hence one should consider both to understand the complex NH bandshape in polypeptides.
Recent theoretical studies haven taken both coupling mechanisms into account to describe
the spectra of hydrogen-bonded vibrational modes.171,172 The simulations result in band
shapes that depend strongly on the relative strength of the two couplings and range
from a typical Fermi resonance doublet to complex substructures with regularly spaced
sidebands.
In short, the comparison between the absorption and pump-probe spectra of ACN
and NMA, both model systems for polypeptides, indicates that self-trapping is a common
feature of hydrogen bonded systems. Hence one might expect that α-helices also exhibit
self-trapping. This hypothesis is investigated in the following chapter.
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7 Self-trapped states in α-helices ∗
Vibrational self-trapping in α-helices has been predicted over 30 years ago by Davydov
and has since then been discussed extensively in theoretical studies [see Chapter 3.5].
An α-helix [see Fig. 1.3] consists of a helical sequence of peptides, which is stabilized by
three one-dimensional (1D) chains of hydrogen bonds that run along the outside of the
helix. In the previous chapters vibrational self-trapping has been investigated in detail
for hydrogen bonded crystals, which are considered to be model systems for α-helices.
By now, experimental evidence for vibrational self-trapping in hydrogen bonded crystals
is well established. However, so far compelling experimental evidence for self-trapping in
real α-helices or proteins is extremely rare. Previously only an anomalous temperature
dependence in the NH-spectrum of α-helical polyalanine47 and a lengthened lifetime of
certain vibrational states in myoglobin48,49 have been interpreted in terms of vibrational
self-trapping. However, these conclusions were rather indirect and a clear connection to
self-trapping theory was not shown (one can think of many other effects that modify
the lifetime or intensity of a vibrational state). In the following chapter pump-probe
spectroscopy is used to monitor self-trapped states in an α-helix directly directly through
their anharmonicity. A quantitative comparison with polaron theory indicates that the
observed nonlinear spectra are signatures of self-trapped states.
7.1 Pump-probe spectra of poly-γ-benzyl-L-glutamate
For the investigation of vibrational self-trapping in α-helices poly-γ-benzyl-L-glutamate
(PBLG) was chosen as a sample, because it forms extremely stable, long α-helices in
both helicogenic solvents and films grown from these solvents.113 The monomeric unit
of PBLG is a non-natural amino acid with a long side chain that stabilizes the helix.
Nevertheless, the helix backbone is identical to that of natural helices [see Fig. 4.6(a)].
Because of its stability, PBLG has served as the standard model helix since the very early
days of structural investigations of proteins.113 Numerous studies, including theoretical
methods,173–176 infrared sperctroscopy,114,120,122,166 light scattering,113,177–179 optical rota-
tion,117,124,180,181 X-ray diffraction182,183 and Nuclear Magnetic Resonance121,126,184 have
confirmed the α-helical conformation of PBLG in different solvents and films grown from
these solvents.
∗Parts of this chapter haven been published in:
J. Edler, R. Pfister, V. Pouthier, C. Falvo, and P. Hamm, Direct observation of self-trapped vibrational
states in α-helices, Phys. Rev. Lett. 93(10), 106405, (2004).
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Figure 7.1: (a) Absorption spectra of PBLG in chloroform with 3% TFA at 293K (black
line, helical conformation), and at 260K (grey line, random coil). (b) pump-probe spectra
600 fs after excitation under the same conditions. Insert: Decay of negative and both
positive bands at 293 K.
Figure 7.1(a) (black line) shows the absorption spectrum of a PBLG helix in chloroform
solution with 3% trifluoroacetic acid (TFA) at 293 K after substraction of the solvent
background. The spectrum is dominated by the strong NH stretching band at 3290 cm−1.
Fig. 7.1(b) (black line) shows the pump-probe response of the helix 600 fs after excitation
with an ultrashort broadband excitation pulse [spectral width: 200 cm−1, pulse duration:
150 fs (FWHM)]. One finds a negative band at 3280 cm−1 and two positive bands at
3160 cm−1 and 3005 cm−1, respectively. The two positive peaks are very characteristic
for the helical state and appear under almost any condition (see below).a
At a concentration of 3% TFA in chloroform the PBLG helix unfolds below 268 K
[see Chapter 4.2.2]. Figure 7.1(a) (grey line) shows the absorption spectrum of unfolded
PBLG at 260 K, where the NH band is blue-shifted to 3355 cm−1. In an intact helix, the
NH-groups form intramolecular hydrogen-bonds with C=O groups from the next helix
turn, while they form intermolecular hydrogen bonds with TFA molecules in a random coil
configuration (which is why TFA destabilizes the helix). The latter are weaker hydrogen
bonds, explaining the blue-shift of the NH band. The negative band in the pump-probe
spectrum [Fig. 7.1(b), grey line] shifts accordingly. However, the important difference to
the helical configuration is that only one positive band is observed in the random coil
configuration.
aThe systematic shift of ≈-10 cm−1 between absorption band and bleach signal is attributed to disorder
broadening, where the more delocalized states with higher dipole strength, that are located at the low
frequency side of the spectrum, contribute stronger to the nonlinear response.
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If the NH stretching vibrators were isolated from other peptide units in the α-helix
as well as from other normal modes within one peptide unit, one would expect the usual
pump-probe response of anharmonic oscillators [see Chapter 3.2]: a negative band at the
frequency of the NH fundamental associated with bleach (ν = 0→ ν = 1) and stimulated
emission (ν = 1→ ν = 0), and a positive band associated with excited state absorption
(ν = 1→ ν = 2). The excited state absorption band is expected to be red-shifted with
respect to the bleach and stimulated emission signal due to the intrinsic anharmonicity
of the oscillator. This kind of pump-probe response is very characteristic and is always
observed when isolated molecules are vibrationally excited (see Chapter 3.2 or Ref. 185
and many other examples). When the molecule is unfolded, the individual NH groups
indeed appear to be isolated and we obtain exactly the expected response with an an-
harmonicity of ω01 − ω12 ≈120 cm−1, which compares well with the NH mode in isolated
NMA [≈140 cm−1, see Fig. 3.1(a)]. In contrast, the observation of two positive bands for
the intact helix [Fig. 7.1(b), black line], rather than just one, is exceptional.
Numerous test experiments were performed to find the origin of the double-peak spectral
signature:
• Temperature Dependence: In a film, the helix does not unfold even at temperatures
as low as 18 K. In that case, the double peak structure stays the same over the
whole temperature range from 18 K to 293 K [Fig. 7.2(b)]. This finding proofs that
the spectral change in Fig. 7.1(b) is not a direct temperature effect, but indirect
through a temperature induced structural change of the helix.
• Polarization Dependence: The anisotropies of both positive bands are identical and
agree with that of the bleach/stimulated emission signal [Fig. 7.2(c)]. Hence, the
transition dipoles of all signals are parallel.
• Time Dependence: When varying the pump-probe delay time, both the positive
and the negative bands decay in parallel with a 1.5 ps time constant [Fig. 7.1(b),
insert]. This indicates that all these bands originate from one state, and disappear
simultaneously as this state decays.
• Fully C-Deuterated PBLG : The absorption spectrum of hydrogen containing PBLG
exhibits small bands between 2900 and 3100 cm−1 [Fig. 7.2(a), black line], which are
mostly due to CH stretching vibrations. They can be eliminated by C-deuterating
the helix [Fig. 7.2(a), grey line]. The pump-probe response of fully C-deuterated
PBLG [PBLG-D11; Fig. 7.2(d)] reveals the same double peak structure as PBLG,
showing that the CH bands do not contribute.
• Narrow Band Excitation: When eliminating the CH stretching vibrations, a further
small band (3050 cm−1) remains, which is assigned to a weak overtone or combina-
tion mode. In order to assure that the overtone does not contribute, we performed
frequency selective pump-probe experiments on PBLG-D11 with narrowband pump
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pulse [bandwidth: 30 cm−1, pulse duration: 250 fs (FWHM)]. The pump pulse spec-
tra are shown in Fig. 7.2(e) as dashed lines. The result shows that the double peak
structure appears only when pumping the NH band, while no measurable signal is
obtained when pumping the overtone.
• Intensity Dependence: Multiphoton excitation can also result in a pump-probe spec-
trum with two positive absorption bands, corresponding to the ν = 1→ 2 and the
ν = 2→ 3 excited state transitions. In this case the intensity ratio between the two
transitions depends on the intensity of the pump pulse. In PBLG, multiphoton exci-
tation is excluded by reducing the pump pulse intensity by a factor of 4 [Fig. 7.2(f)],
still revealing the double peaks with the same intensity ratio.
Summarizing the experiments, one concludes that the two positive bands observed in
the pump-probe response originate from the NH band, require an intact helix structure
and represent transitions to two-quanta states. One can find two mechanisms, polaron
formation and Fermi resonances, which result in excited state absorption bands that fulfill
these requirements. In the following we will first discuss polaron theory and then turn to
Fermi resonances to see which of these two theories can explain the pump-probe response
in PBLG.
7.2 The polaron model
In an α-helix the individual NH oscillators are coupled by dipole-dipole interaction to
form a delocalized state, called vibrational exciton or vibron [see Chapter 3.3]. Since the
structure of the helix is translational invariant one describes the external dynamics of the
peptide units as phonon modes. The strong nonlinearity of the hydrogen bonds, which
stabilize the structure of the helix, couples the vibrons to these phonon modes and adds
in this way a degree of freedom, that exists only in the helical state.
In this context Pouthier and co-workers have recently investigated the two-vibron dy-
namics in α-helices with special emphasis on the interplay between the intramolecular
anharmonicity and strong vibron-phonon coupling.97,98 The result of their work is sum-
marized briefly in the following, for more details see Chapter 3.5. According to Davydov’s
theory,1 the system can be described as a 1D chain formed by N periodically distributed
peptide groups. Each group in this lattice contains a NH stretching vibration, which
behaves as a high frequency anharmonic oscillator coupled to acoustic phonons.b The vi-
brational excitations reduce to anharmonic vibrons dressed by a virtual cloud of phonons,
i.e. to small polarons. Both the intrinsic anharmonicity and the dressing effect favor the
formation of two-polaron bound states. A two-polaron bound state corresponds to the
trapping of two quanta of vibrational energy over a few neighboring peptide sites with an
bThe absence of optical phonons in an α-helix may explain the absence of side peaks in the NH
absorption spectrum3 that are typically observed in molecular crystals such as ACN.
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Figure 7.2: (a) Absorption spectra of PBLG (black) and fully C-deuterated PBLG (grey)
in films grown from chloroform solution. (b) pump-probe response at 293 K (black) and
18 K (grey). (c) Polarization dependence of pump-probe response. (d) pump-probe response
of fully C-deuterated PBLG (PBLG-D11). (e) Pump-probe response of PBLG-D11 upon
narrow band excitation at 3272 cm−1 (black) and 3047 cm−1 (grey). The pump pulse spectra
are shown as dashed black lines. (f) pump-probe response with the pump pulse intensity
varied by a factor of 4.
energy that is lower than the energy of two quanta lying far apart. The insert in Fig. 7.3
shows the corresponding energy spectrum. Here the energy is plotted versus the wave
vector k, which belongs to the first Brillouin zone and is associated with the motion of
the center of mass of the two bound states. The two-polaron energy spectrum exhibits
then three types of states [see Fig. 7.3, insert]: (i) two-polaron free states (TPFS) be-
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Figure 7.3: Simulated pump-probe spectrum for 293 K (black line) and 18 K (grey line)
using the theory of Pouthier.97; for parameters see text. Insert: Schematic of the energy
levels (not on scale). The arrows illustrate the interactions with the pump and probe pulses.
longing to an energy continuum which corresponds to two non-interacting polarons and
consists of all possible combinations of one-polaron states, (ii) two-polaron bound states I
(TPBS-I) which refer to the trapping of the polarons at the same site, and (iii) two-polaron
bound states II (TPBS-II) which characterize polarons trapped at nearest neighbor sites.
The TPBS-II appear as a signature of the acoustic nature of the phonons, that correlate
adjacent sites.
Compared with a previous work,97,98 which was devoted to the amide-I vibrations,
Pouthier and Falvo made some modifications to account for the stronger nonlinearity of the
NH modes.186 First, the NH polaron hopping constant almost vanishes due to the dressing
effect so that the polaron mass becomes infinite. Therefore, the TPFS bandwidth, as well
as the dispersion of both bound state bands, are negligible. Second, in addition to the
Davydov coupling (see Equ. 3.39), Hˆint =
∑
n χ(uˆn+1− uˆn−1)Bˆ†nBˆn (where uˆn refers to the
phonon displacement and Bˆn and Bˆ
†
n stand for the vibron operators), a state-dependent
coupling is introduced via an additional term Hˆ ′int = −
∑
n χ
′(uˆn+1 − uˆn−1)Bˆ†2n Bˆ2n.
With these modifications Pouthier and Falvo used the theory detailed in Refs. 97
and 98 to compute the pump-probe signal of PBLG, using the following parameters:
harmonic NH frequency ω0 = 3520 cm
−1, phonon cutoff frequency Ωc = 100 cm−1,87
intramolecular anharmonicity A = 60.0 cm−1 (i.e. the anharmonicity of isolated NH
groups in the unfolded helix), undressed hopping constant J = 5 cm−1, i.e. a typical value
for vibron hopping in proteins (see for instance Ref. 3), and small polaron binding energy
EB = 84 cm
−1 (see for instance Ref. 87). The ratio χ′/χ is fitted to 0.22. Finally, an
arbitrary linewidth is used which takes into account that the dephasing rate of TPBS-I is
1.5 times smaller than that of TPBS-II.98
Figure 7.3 clearly shows that the model reproduces the experimental pump-probe
spectra [Figs. 7.1 and 7.2] very well. At T = 293 K, it reveals a single negative peak
94
7.2. The polaron model
located at 3280 cm−1 and two positive peaks located at 3005 cm−1 and 3160 cm−1. The
negative peak refers to the bleach and stimulated emission between the ground state and
the zero wave vector one-polaron state.c This process overcompensates the absorption
from the one-polaron state to the zero wave vector TPFS, which takes place at the same
frequency. In contrast, the positive peaks located at 3005 cm−1 and 3160 cm−1 correspond
to the excited state absorption from the zero wave vector one-polaron state to the zero
wave vector TPBS-I and TPBS-II, respectively. From the theory one expects for the
integrated intensities ITPBS−I/ITPBS−II/ITPFS ≈ 1/2/ − 3, in good agreement with the
experiment [e.g Fig. 7.2(d)]. Note that these intensities are inherent to the model, and
do not contain explicit fit parameters. Furthermore, the theoretical spectrum is almost
temperature independent as a result of the infinite polaron mass due to the strong dressing
effect [Fig. 7.3], again reproducing the experimental finding [Fig. 7.2(b)].
It should be noted that the self-trapped states in PBLG do not correspond to soliton-
like excitations (e.g. “Davydov’s soliton”), but instead to small polaron states. These
polaron states (TPBS-I and TPBS-II) are not localized on a specific site in the α-helix,
but correspond instead to a superposition of pairs of localized polarons (Equ. 3.47). The
center of mass of such a superposition is fully delocalized over the α-helix.97 Nevertheless,
there is a localization of the separation distance between the two polarons, which is either
zero sites for the TPBS-I or one site for the TPBS-II. Hence the TPBS are self-trapped
with respect to the separation distance, but not with respect to a specific lattice site.
cIn optical spectroscopy we are only able to observe k = 0 transitions, since the wavelength is much
longer than a unit cell.
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7.3 Fermi resonance
It has been argued that the NH band of proteins, peptides and peptide model systems
is complicated by a Fermi resonance with the amide II mode (qAII ) at 1550 cm
−1.147
In absorption spectroscopy the Fermi resonance is usually weak because of the large
frequency mismatch (2ΩAII − ΩNH ≈ −200 cm−1). However, owing to the much larger
intrinsic anharmonicity of the NH band, the resonance condition improves for the excited-
state absorption bands. Quantum chemistry calculations show that the Fermi coupling
between the NH and the amide II mode is very strong (100-200 cm−1, see following
paragraph). If the two states are nearly resonant and strongly coupled they mix and
both can be excited in a pump-probe experiment. In this case, the double peak in the
pump-probe spectra of PBLG could reflect a Fermi resonance between the first overtone
of the NH mode (2qNH ) and the qNH + 2qAII combination mode.
However, if the Fermi coupling is so strong that it causes a splitting of 160 cm−1
in the double excited NH state, it should also perturb the single excited NH state. In
particular one would expect that the normally dark amide II overtone gains some oscillator
strength due to the Fermi coupling and is hence observed as a weak band in the absorption
spectrum. With a pump-probe experiment on the amide II band one can excite this
overtone directly and thus determine exactly the frequency of the overtone band. In the
following sections the Fermi resonance problem is analyzed in detail to see whether it
can explain the nonlinear response of PBLG. First the strength of the Fermi coupling
is estimated based on theoretical calculations and subsequently the expected absorption
and pump-probe spectra are calculated and compared to the experimental data.
Quantum chemical calculation of the Fermi Coupling
The strength of a Fermi resonance between the NH mode and the amide II overtone is
determined by the Fermi coupling δ, which is proportional to the term ∂
3V
∂qNH ∂2qAII
in the
potential energy surface [see Chapter 3.6]. One can derive δ from a projection of the
potential energy surface V onto the NH mode qNH and the amide II mode qAII . To that
end hybrid density functional calculation were performed to obtain single points of the
potential energy surface V for different displacements along the qNH and qAII mode. Since
the PBLG helix or even just a PBLG monomer is a very large molecular system, a single
NMA molecule was used as a model, as it contains the same peptide group as PBLG.
The calculations were performed with the program Gaussian 98 ,187 using the B3LYP
functional188 with a 6-311++G** basis set and the tight option for the SCF convergence.
After a geometry optimization with very tight convergence criteria, the normal modes were
determined. Subsequently a two dimensional grid of at least 121 points of the potential
energy surface was obtained by single point energy calculations. In order to estimate the
Fermi coupling the function
f(qNH , qAII ) =
kNH
2
q2NH +∆
(3)
NHq
3
NH +∆
(4)
NHq
4
NH +
kAII
2
q2AII +∆
(3)
AIIq
3
AII +∆
(4)
AIIq
4
AII + δqNHq
2
AII (7.1)
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was fitted to the potential energy surface grid. The coefficients kNH , ∆
(3)
NH , ∆
(4)
NH , kAII , ∆
(3)
AII
and ∆
(4)
AII were obtained by two independent one dimensional fits along the qNH and qAII
axes. The Fermi coupling δ was subsequently obtained from a two dimensional fit over
the entire grid. The procedure was repeated for different maximal displacements along
the qNH and qAII modes. The fits resulted in a Fermi coupling in the order of 140 cm
−1.
Additional q5NH , q
2
NHqAII or q
2
NHq
2
AII terms did not result in substantially different values for
δ. Based on these calculations, the corresponding Fermi coupling in PBLG is estimated
to be in the order of 100− 200 cm−1.
Fermi resonance parameters
In the potential energy surface a Fermi resonance between the qNH and the 2qAII mode is
described by the term δqNHq
2
AII [see Chapter 3.6]. If one considers only resonant terms one
can write the Hamiltonian, using creation and annihilation operators, as
Hˆ =~ΩNH Bˆ†NH BˆNH +∆NH Bˆ†2NH Bˆ2NH + ~ΩAII Bˆ†AII BˆAII
+∆AII Bˆ
†2
AII Bˆ
2
AII +
δ√
8
(
BˆNH Bˆ
†2
AII + Bˆ
†
NH Bˆ
2
AII
)
, (7.2)
where ΩNH and ΩAII are the unperturbed frequencies of the NH and the amide II mode, ∆NH
and ∆AII the respective intrinsic anharmonicities and δ is the Fermi coupling parameter.
One can use the method outlined in Chapter 3.6 to calculate the corresponding pump-
probe and absorption spectra. To that end one expands the Hamiltonian Equ. 7.2 in the
basis
{|0, 0〉 , |0, 1〉 , |0, 2〉 , |1, 0〉 , |2, 0〉 , |1, 2〉 , |0, 4〉} , (7.3)
where the first digit labels the excitation of the NH mode and the second digit that
of the amide II mode. Subsequently one solves the eigenvalue problem and calculates
the transition dipole moments, which one needs in order to construct the absorption and
pump-probe spectra. A scheme of the vibrational energy levels and transitions is sketched
in Fig. 7.4, where the new states |nm〉 correspond to the eigenstates of the Fermi resonance
Hamiltonian 7.2. In such a picture the |22〉 → |43〉 and the |22〉 → |42〉 transitions would
correspond to the two positive peaks in the NH pump-probe spectrum. The splitting be-
tween |43〉 and |42〉, and hence between the two positive peaks in the spectrum, is mostly
determined by the Fermi coupling δ. The parameter ∆NH shifts the |2, 0〉 state into reso-
nance with the |1, 2〉 state, which is slightly perturbed by ∆AII . Thus ∆NH determines the
intensity ratio of the two positive bands as well as the shift between the two positive peaks
and the negative peak. Finally the effective anharmonicity of the amide II mode, which
causes a signal in the amide II pump-probe spectrum, originates from both anharmonic
contributions, ∆AII and δ. Consequently the frequencies and intensities of the different
transition in the system depend strongly on the interplay between the unperturbed fre-
quencies, the intrinsic anharmonicities and the Fermi coupling. Hence one has to analyze
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the Fermi resonance in detail to see whether it can indeed explain the nonlinear response
of PBLG.
The energies of the states |nm〉, that one excites in spectroscopy, depend on the five pa-
rameters of Hamiltonian 7.2 (ΩAII , ΩNH , ∆AII , ∆NH and δ). Since the |0〉 → |11〉 transition
is not perturbed by the Fermi resonance one can determine the corresponding frequency
ΩAII , directly from the absorption spectrum. However, all other spectroscopic transitions
are perturbed by the Fermi resonance and thus the remaining parameters cannot be mea-
sured directly. Nevertheless, the anharmonicities ∆AII and ∆NH can be estimated from
pump-probe experiments on comparable NH or amide II modes (∆NH ≈ 70 cm−1 and
∆AII ≤ 16 cm−1, see Ref. 189 and Fig. 3.1), while the Fermi coupling δ is approximately
known from the quantum chemistry calculation (100-200 cm−1). In the following, different
values are used for these parameters to calculate the absorption and pump-probe spectra
of the NH and amide II modes. The comparison with the data shows that one can not
simultaneously explain all four spectra by a Fermi resonance.
The calculations show in particular that a large Fermi coupling of about 100 cm−1
would result in an intense amide II overtone band in the absorption spectrum. This cal-
culation, which is based on the parameters P1 in Table 7.3, is illustrated by the red line
in Fig. 7.5(b). Experimentally one can exactly measure the frequency of the expected
amide II overtone band, since it corresponds directly to the sum of the excited state
absorption and bleach in the amide II pump-probe signal. As these two contribution
clearly overlap in the spectrum [Fig. 7.5(a), black circles], one can only determine lower
and upper limits for the excited state absorption (1542 cm−1 and 1552 cm−1), which
implies that the amide II overtone has a frequency between 3090 cm−1 and 3100 cm−1.
Figure 7.5(b) shows clearly that no absorption band exists in this spectral region except
Parameters Observables
δ ΩNH ∆NH ΩAII ∆AII I D ν1 ν2 ΩNH ∆
′
AII
cm−1 - cm−1
Exp. 1550 155 3160 3005 3293 ≤ 10
P1 (red) 90 3284 110 1550 0 0.50 142 3170 3028 3297 10
P2 (blue) 62 3283 114 1550 2 0.45 101 3138 3037 3296 9
P3 (green) 112 3283 106 1550 14 1.01 156 3162 3006 3294 42
Table 7.1: The table shows the different parameter sets used to calculate the spectra shown
in Fig. 7.5. Only the amide II frequency ΩAII can be determined from experiments. The
parameters are defined by the Hamiltonian Equ. 7.2. The spectra are described by the
splitting D and the intensity ratio I between the two positive peaks which emerge at ν1 and
ν2 in the NH pump-probe spectra, by the NH absorption band at ΩNH and by the effective
anharmonicity ∆′AII of the amide II mode.
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Figure 7.4: Vibrational energy levels in case of a Fermi resonance between the NH and
the amide II mode. The |n,m〉 correspond to the unperturbed states, where n signifies an
excitation of the NH mode and m one of the amide mode. The eigenstates of the Fermi
resonance problem |nm〉 are combinations of the unperturbed sates. The arrows illustrate
the transitions observed in pump-probe and absorption spectroscopy. The dark grey arrows
correspond to a pump-probe measurement on the NH mode [Fig. 7.6] and the black arrows
to one on the amide II mode [Fig. 7.5(a)]. The light grey arrow depicts the transition to
the amide II overtone, that one would observe in absorption spectroscopy [Fig. 7.5b].
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Figure 7.5: (a) Absorption and pump-probe spectrum of the amide II mode in a PBLG film
(black lines). The colored lines illustrate the calculated response for the different parameters
shown in Table 7.3; red: P1, green: P2 and blue: P3. The line widths (8 cm−1) was chosen
to match the experimental values. (b) Absorption spectrum of a deuterated PBLG Film in
the spectral region of the amide II overtone. One expects, based on the amide II pump-
probe spectrum to observe the Fermi resonant amide II overtone at about 3100 cm−1 (red
line). Clearly there is no indication of an absorption band at 3100 cm−1. The line width of
the overtone (20 cm−1) can be regarded as an upper limit for this band.
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Figure 7.6: Absorption and pump-probe spectrum of the NH mode in a PBLG film. The
colored lines illustrate the calculated response for the different parameters. The line widths
were chosen to match the experimental values. Only the green line, which is completely
inconsistent with the amide II pump-probe spectrum, can explain the NH response perfectly.
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7.3. Fermi resonance
the broad band at 3050 cm−1. However, if the band at about 3050 cm−1, which seems
to consist of two sub bands, were the overtone the excited state absorption would have
to appear at ≈1510 cm−1 in the pump-probe spectrum [green line in Fig. 7.5], which is
clearly in disagreement with the experimental observations. In conclusion the observed
pump-probe and overtone spectra of the amide II mode do not allow a strong Fermi
coupling.
Nevertheless, one could argue that a Fermi coupling which is smaller than the one
predicted by the quantum chemical calculations, could explain the spectra, since such
a coupling would result in an overtone that is so weak, that one can not observe it
in the absorption spectrum. However, such a small Fermi coupling would result in a
Fermi splitting in the NH pump-probe spectrum, that is too small and too asymmetric
to be consistent with the NH pump-probe experiments (see blue lines in Fig. 7.5 and 7.6
and parameters P2 in Table 7.3). Of course one can find parameters that reproduce
the splitting and the intensity ratio of the NH pump-probe spectrum exactly, e.g. the
green lines in Fig. 7.6 and parameters P3 in Table 7.3. However, since such parameters
require a large Fermi coupling δ and a large intrinsic anharmonicity ∆AII they result in a
huge effective anharmonicity ∆′AII of the amide II mode (≈40 cm−1) and can thus not at
all describe the amide II pump-probe spectrum [Fig. 7.5, green line]. Hence one has to
conclude that a Fermi resonance between the NH mode and the amide II overtone can not
simultaneously explain the corresponding NH and amide II pump-probe and absorption
spectra of PBLG, which is however what one expects from such a model. Nevertheless,
as shown in Fig. 7.5(b) and Table 7.3, the Fermi resonance can describe the main feature
of the data, i.e. the appearance of two intense positive peaks.
Pump-probe measurements on unfolded PBLG
Finally we want to see whether a Fermi resonance could explain the disappearance of the
second positive peak in the NH pump-probe spectrum of unfolded PBLG. As described
in Section 7.1 the NH mode shifts to 3355 cm−1 upon unfolding and one observes just
one positive band. In contrast to the experiments, the Fermi resonance model yields for
unfolded PBLG a nonlinear response consisting of two positive bands at 3200 cm−1 and
3070 cm−1 with an intensity ratio of almost 1 [light grey line in Fig. 7.7], if one assumes the
same intrinsic anharmonicity ∆NH for the folded state as for the unfolded state (parameters
P1 with ΩNH=3345 cm
−1). However, since the hydrogen bonds, which strongly alter the
intrinsic anharmonicity of the NH mode, are weakened upon unfolding one can expect
a decrease of ∆NH . When one assumes that the intrinsic anharmonicity decreases to
∆NH = 74 cm
−1, the NH overtone (2qNH ) and the combination mode (qNH + 2qAII ) are
moved out of resonance and the calculated spectra fit perfectly to the experimental data
[dark grey line in Fig. 7.7]. In short, when one assumes different anharmonicities ∆NH
for the folded and unfolded state, a huge Fermi coupling of δ=100 cm−1 can qualitatively
explain the NH pump-probe spectrum for both conformations.
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Figure 7.7: Absorption and pump-probe spectrum (pump-probe delay time: 700 fs) of
unfolded PBLG in chloroform solution (with 3% TFA). The grey lines show the calculated
response for two different NH anharmonicities. In order to explain the experimental data
one has to assume that the NH anharmonicity decreases by 40 cm−1 upon unfolding.
Summary of the Fermi resonance hypothesis
The Fermi resonance model explains qualitatively the appearance of two positive peaks in
the NH pump-probe spectrum of PBLG. In this picture the two positive peaks correspond
to an excitation of the NH overtone (2qNH ) and of the combination band between NH
mode and amide II overtone (qNH + 2qAII ). Theoretical calculations show that such a Fermi
resonance requires, besides a large intrinsic NH anharmonicity, a very strong (≈100 cm−1)
Fermi coupling. Quantum chemical studies prove that the Fermi coupling between the
amide II overtone and the NH mode in a peptide group is in principle strong enough to
cause such a resonance. However a Fermi resonance effects besides the double excited
NH mode, also the single excited NH mode and the amide II overtone. Hence the Fermi
resonance model has to explain simultaneously the NH and amide II pump-probe and
absorption spectra. Figures. 7.5 and 7.6 show that it is impossible to explain all these
signals with the same parameter set. In particular the amide II overtone, whose spectral
position is exactly determined by the pump-probe experiments, is not found in the PBLG
absorption spectrum, even though it should gain, due to the Fermi coupling, enough
oscillator strength to be observable. The discrepancies could indicate that the two positive
bands in the NH pump-probe spectra are either not caused by a Fermi resonance or that
the chosen Fermi resonance model is too simple. The model considers the most elementary
resonance: an overtone and a fundamental mode. More complicated Fermi resonances,
such as combination modes instead of overtones or three level Fermi resonances might
explain all features of the data. There are many modes below 1550 cm−1 in PBLG and
hence many possible combinations, which could be resonant with the NH overtone.
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7.4. Conclusion
In Ref. 186 we suggested that two-color pump-probe experiments, where the NH band
is excited and the spectral range of the amide II mode is probed, could be used to test for
Fermi resonances. However, in the context of new experiments, an in-depth analysis of
the two-color data and the corresponding Hamiltonian showed that such measurements
can, in case of PBLG, neither exclude nor confirm the Fermi resonance explanation. The
experiments on the amide I mode in ACN show how 2D-IR spectroscopy can be used
to differ Fermi resonances from self-trapping [Chapter 5.1.3]. In case of the NH mode
in PBLG this approach is not possible, since the Fermi resonant overtone mode (the
|0〉 → |21〉) has almost no intensity. Thus one expects in the 2D-IR spectrum just the
response of the NH mode, instead of the striking square pattern, observed for Fermi
resonant carbonyl modes.
7.4 Conclusion
The pump-probe spectrum of PBLG shows two positive peaks that appear only in the
helical conformation. In the helical conformation the individual NH vibrations are corre-
lated by acoustic phonons, which can enable the formation of polaron states, i.e. localized
bound states. When the helical structure breaks down, the correlation vanishes and thus
the bound states disappear. Polaron theory assigns the two positive peaks to the ex-
istence of two types of two-polaron bound states corresponding to the trapping of two
polarons at the same peptide site and at nearest neighbor sites, respectively. The latter
state originate from the overlap between a virtual cloud of acoustic phonons with each
vibron.
Alternative explanations, such as multi photon excitation and CH and CH2 vibrations
have been successfully excluded based on pump-probe experiments. However one can
suspect that a Fermi resonance between the NH and the amide II mode might be the
origin of the two positive peaks. In the helical conformation the NH overtone and an
amide II combination mode are in resonance, which could result in two positive bands
in the NH pump-probe spectrum. When the helical structure breaks down the modes
are moved out of resonance and thus the second positive band disappears. However,
a Fermi resonance with the amide II mode can not explain consistently the absorption
and pump-probe spectra of the NH and the amide II modes, indicating that this Fermi
resonance interpretation is incorrect or at least incomplete. Still, as one could propose
more complicated Fermi resonances, that might result in similar pump-probe spectra, one
can not completely exclude a Fermi resonance as the origin of the two positive peaks.
Nevertheless, the most obvious Fermi resonance, the one with the amide II overtone,
can clearly not explain the pump-probe spectra of PBLG. In contrast polaron theory can
reproduce the spectra and assigns the two positive peaks to two kinds of bound states.
In conclusion, femtosecond pump-probe experiments on the NH mode of a stable α-helix
reveal a spectroscopic signature, which can be attributed to vibrational self-trapping.
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8 Summary and outlook
The formation of localized states in solids originates from the interaction between (quasi)-
particles, e.g. electrons or excitons, and lattice phonons. Such localized states have been
observed or speculated upon in various materials and are generally known as polarons
while the occurrence is commonly called self-trapping or self-localization. In the present
study nonlinear spectroscopy has been used to identify and characterize vibrational self-
trapped states in molecular crystals and α-helices. α-Helices represent one of the most
common secondary structures in proteins, while molecular crystals serve as natural model
systems for polypeptides. Both systems consist of quasi-one-dimensional hydrogen bonded
peptide chains and are thus ideally suited to study self-trapping. Vibrational self-trapping
in hydrogen bonded peptide chains is caused by combination of two coupling mechanisms:
Excitonic coupling and exciton-phonon coupling.3 Excitonic coupling arises from the
electrostatic interactions between the individual vibrational oscillators of each peptide unit
(i.e. the NH or C=O stretching modes), yielding a delocalized vibrational excitation. This
so-called vibrational exciton couples through a nonlinear interaction, which is mediated
by the hydrogen bonds, to lattice phonons. As a consequence, the initially delocalized
vibrational exciton collapses to form a self-localized state. Even though originally self-
trapping was suggested to occur in real α-helices, so far most experimental work has been
performed on model systems, such as crystalline acetanilide (CH3-CONH-C6H5, ACN).
The strategy of this thesis is to first establish the nonlinear spectroscopic signatures of
model systems and then to extend the study to real α-helices.
ACN, a molecular crystal that consists of hydrogen bonded peptide units, has been
regarded since the early 1970s as a model system to study vibrational excitations in
polypeptides and proteins. It is well established that the vibrational spectrum of ACN
exhibits anomalies in the region of the amide I (i.e the C=O stretching) and the NH
stretching band.2 The amide I mode exhibits an anomalous sideband at low tempera-
tures, while the temperature independent NH mode consists of a main peak, which is
accompanied by an almost-regular sequence of satellite peaks. Both anomalies have been
previously explained by self-trapping theory,2,3 according to which the main peak repre-
sents a free exciton and the side bands represent self-trapped states.
In previous works self-trapping in ACN was observed through an indirect effect, namely
the temperature dependence of the linear absorption spectrum.2,3 The work presented
here uses a more direct approach, namely nonlinear vibrational spectroscopy, to inves-
tigate self-trapping. The nonlinear vibrational response is exclusively sensitive to the
105
CHAPTER 8. Summary and outlook
anharmonic part of the potential energy surface, since the response of a harmonic sys-
tem vanishes exactly. Anharmonicity at the same time gives rise to nonlinear dynamics.
Hence, nonlinear spectroscopy is extremely valuable to study nonlinear phenomena such
as vibrational self-trapping.
One aim of this thesis is to confirm the self-trapping theory of the amide I mode
in ACN. To that end pump-probe experiments are used to reveal the distinctively dif-
ferent anharmonicities of the two amide I sub-bands. Due to their nonlinear responses
the “anomalous” band is attributed to a self-trapped state and the “normal” band to
a delocalized, free exciton. In addition to this assignment, which agrees with previous
studies, the pump-probe experiments show how thermal disorder localizes the free ex-
citon (Anderson localization) at room temperature while it simultaneously destroys the
self-trapping mechanism. Even though self-trapping is the most plausible explanation
for the anomalous amide I band, alternative explanations such as Fermi resonances or
conformational substates have been also discussed in the literature.3 In the present work
the two-dimensional infrared (2D-IR) spectrum of ACN is compared to those of molec-
ular systems, which represent Fermi resonances and conformational substates and which
show the same doublet in the C=O absorption spectrum as ACN. Based on the various
2D-IR spectra the two alternatives can be definitely excluded, while self-trapping of the
C=O mode explains naturally the 2D-IR signature. Thus the study shows explicitly how
nonlinear spectroscopy can distinguish between different anharmonic contributions in a
way that is not possible with linear absorption spectroscopy. Here this capability is used
to ultimately resolve the origin of the anomalous amide I band in crystalline ACN.
In contrast to the amide I band the NH band has been studied to a much lesser extent.
This is surprising since one expects a significantly stronger anharmonicity for the NH mode
with respect to the amide I mode, since the exciton-phonon coupling is about 5-10 times
larger. In this thesis the first extensive experimental study on vibrational self-trapping of
the NH mode in ACN is presented. The pump-probe experiments reveal a distinctively
different nonlinear response for the free exciton with respect to the self-trapped states.
On observes in particular an ultrafast irreversible energy transfer from the free exciton to
the lower lying self-trapped states, which is interpreted as a signature of vibrational self-
trapping. Yet, the strongest evidence for self-trapping is found upon impulsive excitation
of the NH band. The response exhibits a pattern of pronounced oscillations that persist
up to 14 ps and contain two frequency components. Since their temperature dependence
matches perfectly that of two phonon bands in the Raman spectrum of ACN, the beating
structure is attributed to a ground state phonon wavepacket. The phonons are excited
due to the nonlinear exciton-phonon coupling, which also induces self-trapping. In this
way the phonons which mediate self-trapping in ACN have been identified for the first
time.
So far convincing evidence for vibrational self-trapping was only found in ACN. This
is surprising since the self-trapping mechanism should be generic and one thus expects to
observe self-trapping in any system with a comparable structure, that is a system that con-
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sists of quasi-one-dimensional hydrogen bonded peptide chains. In this thesis self-trapping
is studied in four hydrogen bonded crystals, namely ACN, NMA (N-methylacetamide,
CH3-CONH-CH3) and carbon deuterated ACN and NMA. The NH absorption and pump-
probe spectra of all these compounds show striking similarities, from which one concludes
that the mechanism behind the band shapes is the same in all cases. Since the oscillations
in the nonlinear response of ACN clearly demonstrate that the NH mode in ACN is cou-
pled to low frequency phonons, the experiments suggest that the ones in NMA and in the
deuterated derivatives are coupled to phonons as well. However, typically the NH band
shape in NMA is attributed to Fermi resonances with amide modes.166–168 Even though
the previous Fermi resonance interpretation of NMA is based on theoretical calculations
and agrees very well with experiments it has been controversially discussed in the liter-
ature. The presented work suggests that the usual assignment of the NH band in NMA
solely to a Fermi resonance is not sufficient and that phonon coupling plays an important
additional role. Thus the experiments indicate that future theoretical studies should con-
sider the interplay between Fermi resonances and polarons to describe self-trapping and
nonlinear spectroscopy on hydrogen bonded systems.
The previous paragraphs show how nonlinear spectroscopy can be used to verify self-
trapping in molecular crystals. However these systems serve, in this respect, merely as
model systems for real α-helices. Naturally the final goal is to see whether self-trapping
can exist in real α-helical polypeptides. To that end an extremely stable and long α-helix,
poly-γ-benzyl-L-glutamate (PBLG), has been studied. The pump-probe experiments on
the NH mode reveal two excited state absorption signals (i.e. two positive bands), which
appear only in the helical conformation. The observation of two excited state absorp-
tion signals, rather than just one, is exceptional for a vibrational oscillator. Extensive
experiments allow only two plausible explanations: Fermi resonances or vibrational self-
trapping. It is in general assumed that the NH band of polypeptides is complicated by
a Fermi resonance with the amide II overtone.147,166,167 However, an extensive analysis of
the PBLG absorption and pump-probe spectra shows that such a Fermi resonance with
the amide II mode is not the origin of the two positive peaks. On the other hand, self-
trapping theory can clearly explain the appearance of the two bands. In this case the
two states correspond to the trapping of two polarons at the same site in the helix or,
respectively, at nearest neighbor sites. However, three points should be noted: (i) Only
the most prominent Fermi resonance was excluded, that is the Fermi resonance between
the NH mode and the overtone of the amide II mode. Clearly one can not rule out that
more complicated Fermi resonances, e.g. three level Fermi resonances, can explain the
pump-probe signal in PBLG. (ii) The self-trapped states in PBLG do not correspond to
soliton-like pulses of vibrational energy, as originally suggested by Davydov, but instead
to a superposition of pairs of localized polarons, so-called bound states. These states
are self-trapped with respect to their separation distance, but not with respect to a spe-
cific lattice site on the helix. Evidence for an energy transport along a hydrogen bonded
chain, as initially anticipated by Davydov,1 has not been found. In future experiments
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one could try to deposit energy at one end of an α-helix and then monitor the amide I or
NH modes of individual peptides to examine the energy propagation. However, such an
experiment would require isotopic labelling at specific sites, which might hinder or even
destroy the self-trapping mechanism. (iii) The polaron theory, which explains the PBLG
spectrum,97,98 does not include the influence of the helical structure, as it is only based
on a one-dimensional chain. In contrast to this, real helices are three-dimensional and the
different hydrogen bonded chains, that run along the outside of the helix are coupled to
each other. Future theoretical works should emphasize the structure of the helix and its
effect on polaron formation and on spectroscopy.
In summary this thesis establishes the nonlinear spectroscopic signatures of vibra-
tional self-trapping in the molecular crystals ACN and NMA. The experiments on ACN
unambiguously prove that both, the amide I and the NH mode, exhibit self-trapping.
Previous alternative explanations for the “anomalous” amide I mode are finally excluded
and the phonons that mediate self-trapping are identified. Furthermore the thesis clearly
demonstrates how self-trapping can explain the nonlinear response of the NH band in
an α-helical polypeptide. As alternative explanations are successfully excluded one can
conclude that this study presents the first convincing evidence of vibrational self-trapped
states in α-helices, some 30 years after their prediction by Davydov.
108
Abbreviations
2D two dimensional
2D-IR two dimensional infrared
ACN acetanilide (CH3-CONH-C6H5)
ACN-D8 fully C-deuterated acetanilide (CD3-CONH-C6D5)
BBO β-barium borate (β-BaB2O4)
DM dichroic mirror
FWHM full-width-half-maximum
IR infrared
NMA N-methylacetamide (CH3–CONH–CH3)
NMA-D6 fully C-deuterated N-methylacetamide (CD3–CONH–CD3)
OPA optical parametric amplifyer
PBLG Poly-γ-benzyl-L-glutamate
PBLG-D11 fully C-deuterated poly-γ-benzyl-L-glutamate
rms root-mean-square
TFA trifluoro acetic acid
TPFS two-polaron free state
TPBS-I two-polaron bound state I
TPBS-II two-polaron bound state II
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